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Abstract
The work represented in this dissertation is intended to support the development of PhD physi-

cists in areas identified as critical to the PER community through established research in the com-

munity and from national reports, particularly in ethics education for faculty scientists and physics

graduate education. I describe two individual projects that focus on considering different Epistemic

Frames that faculty scientists engage in during value-laden discussions and the graduate education

of physicists in terms of program requirements and retention measures.

Scientists engage with ethical dilemmas regularly. Training modules are developed to instruct

scientists to better identify and navigate these dilemmas, but often focus on rules and regulations

and not contexts aligned with the needs of scientists. Case-based discussions have been shown

to impact ethical decision-making, and part of the Goals and Values in Science project was to

investigate the impact that value-laden discussions have on faculty scientists’ ethical decision-

making. In this work, we applied the methodology of identifying epistemic frames to value-laden

discussions. We identify three distinct group epistemic frames: Facilitator Frame, Sharing Science

Frame, and Arguing Claims Frame. This work provides a foundation towards better understanding

how faculty scientists make sense of value-laden discussions and promote productive avenues for

designing ethical interventions.

The number of PhDs awarded in physics since 1861 has dramatically expanded, sometimes

rapidly. To fully understand the potentially diverse set of program requirements and expecta-

tions of physics graduate education, we investigated the structures of PhD-granting institutions

in the United States. We determined 10 distinct structures of program requirements, including

Core Courses, Elective Courses, Comprehensive Content Exams, Research Readiness Exams, The

Dissertation, Supervisory Committee, Training, Annual Reports, The Teaching Assistant Require-

ment, and Presentations of Research. These structures represent the most common practices and

requirements of the physics graduate programs investigated. We additionally identified a common



narrative of physics graduate programs, the emphasis of physics content knowledge, and the di-

verse set of requirements for Candidacy Exams. The information from this study helps to support

a foundation of current physics graduate program requirements and expectations, and how these

structures could be further investigated to support students in physics graduate education.

The rate of physics graduate students awarded a PhD has historically been near 50%, with no

consistent way to measure retention and completion rates for individual institutions. We used grad-

uate enrollment survey data from the American Institute of Physics between 2000 and 2022. We

propose 2 sets of measures of graduate student retention and completion rates that are consistent

for different institution sizes and degrees awarded, allowing us to calculate retention and comple-

tion rates at both the national level as well as the individual institutions. The Graduate Retention

Rates consider the flux of graduate student populations. We applied measures to the National Set

of data that totals information from all 284 graduate institutions and then applied to the individual

Institutional Level. We determined a high retention rate with opportunities to further refine the

measure of retention. We identified an increase in the completion rates of all degree types at the

National Level.
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Chapter 1

Introduction

The development of a physicist involves many stages including undergraduate education and pro-

fessional development. Instrumental to this evolving development focuses on improving this de-

velopment and physics in general. The work represented in this dissertation involves two areas of

physicist development that are active concerns in the community: ethics education of professional

physicists and graduate physics education. A synthesis of Physics Education Research (PER) at

the undergraduate level was published in 2014. Six topic areas of research, including problem

solving, assessment, and attitudes and beliefs about teaching and learning, were covered in this

comprehensive analysis. As described by the authors, this synthesis captures a good cross-section

of PER, assessing where the research community has been and where it currently is. This synthesis

is additionally non-exhaustive and does not capture the full scope of PER. This work also provides

a perspective of what further investigations can be done and how PER can be expanded, broaden-

ing the range of student populations, and student reasoning and thinking1. In 2023, the American

Institute of Physics published the International Handbook of Physics Education Research that in-

cludes chapters with these additional perspectives such as Research on Equity in Physics Graduate

Education and the Aims and Values of Physics2. Other research involving the physics community

is represented through national reports. The National Academies of Science, Engineering, and

Medicine (NASEM) often publishes reviews of particular areas of STEM including the research

integrity of students and faculty3, graduate education and attrition4;5, and a statistical analysis of

1



doctoral recipients6.

The national reports from NASEM help to highlight particular concerns in STEM, and while

not an exhaustive list of the areas of PER, the synthesis from Docktor & Mestre1 and the recent

International Handbook of PER2 both highlight particular research interests of PER, and the na-

tional reports from NASEM considers concerns of the STEM community. The work presented

in this dissertation will consider research interests in PER that are aligned with the reports from

NASEM and the International Handbook of PER in two particular areas. The first is through ethics

education, and the impact that ethics training has on faculty scientists. A common training module

for faculty and graduate students is ethics training, and present research considers the way that

faculty scientists consider ethics as part of their research work is scarce. The second part of this

dissertation concerns physics graduate education. So far, PER has engaged with graduate edu-

cation at the scale of particular practices and elements such as admissions and candidacy exams,

with organizations like the American Institute of Physics (AIP) and the American Association of

Physics Teachers (AAPT) promoting further research into graduate education in general.

In this dissertation, I introduce two major projects that consider these two areas. First, I will de-

scribe my role in the Goals and Values in Science (GVS) project. GVS was designed to investigate

how faculty incorporated values in their understanding of research practices. Motivated by the lack

of effective ethics and Responsible Conduct of Research (RCR) training modules, this project in-

vestigated how value-laden discussions affected the fellowship scientists’ ethical decision-making.

The second project centers on two elements of physics graduate education. We investigated the di-

versity of program requirements of physics graduate programs across the country and identified the

common structures. I additionally investigated the feasibility of developing measures of physics

graduate student retention based on survey data from (AIP).

The organization of this dissertation is as follows: Chapter 2 summarizes the literature on

education and training effectiveness, the construction of epistemic frames, and graduate educa-

tion in the United States and the particular work of graduate retention. I describe my role in the

GVS project in Chapter 3 and the group epistemic frames identified in the fellowship value-laden

discussions. Chapter 4 discusses the methodology of identifying structures of graduate program

requirements in the United States, and list the common requirements of each structure. In Chap-
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ter 5, I discuss the construction and application of yearly retention and completion rates of physics

graduate students based on enrollment data from AIP. Chapter 6 discusses conclusions of both

major projects while outlining places for furthering the work conducted in both.

1.1 The Goals and Values in Science

A survey completed in 2004 by Kirby & Houle revealed that 39% of the junior members of the

American Physical Society (APS) reported observing or having personal knowledge of ethical

misconduct, including reports of plagiarism, data falsification, and improper authorship7. A study

of the prevalence of improper research practices also found that 15% of scientists have witnessed

misconduct, while a further 40% have witnessed other questionable research practices8. Training

in Responsible Conduct of Research (RCR) practices is essential for scientists in all disciplines,

including physics. Recognizing the risk that ethical misconduct poses to the value of science,

both the National Science Foundation (NSF) and the National Institutes of Health (NIH) have

required all trainees to receive RCR training for more than 30 years9. The National Academies

of Science, Engineering, and Medicine have released guidelines to enhance the relevance of RCR

training3;10. Likewise, APS has also released guidelines to ensure that RCR training remains in line

with the needs of scientists11. The dominant form of this training is self-paced, online modules

(e.g., the CITI training portal)12. The survey from Kirby & Houle was administered again in 2020

to junior physicists and graduate students, showing mixed improvement. Most notable was that

while physicists were being trained more often in ethics, the number of misconduct violations did

not significantly change13.

Further studies revealed the present method of training scientists to be largely ineffective and

inconsistent14. One particular element of this training process concerns the ethical decision-

making of scientists. Many tests exist to investigate and assess this, including the Defining Issues

Test and the Ethical Decision-Making Measure. These tests present participants with ethical vi-

gnettes and ask them to rank the best choice of action for the subject from a short, defined list3;15.

Studies of ethical decision-making have largely focused on the characteristics that impact it. One

particular method considers how scientists engage with the key causes of ethical dilemmas in a

3



case-based learning format, which results in better ethical decision-making16.

This work is part of a larger Goals and Values in Science (GVS) project, interested in the ways

that faculty scientists consider the values inherent in the research they conduct and the impact that

discussions that center these values can have on their ethical decision-making. The judgments

made in the progress of science require many considerations and decisions. We suppose that

these decisions are made inherent to the values that the scientists have, where values represent

the goals and principles that directly influence a decision someone makes17. This idea is at odds

with the idea that science is inherently ’value-free’, where scientists make decisions devoid of

their biases18;19. As scientists make value-laden judgments at every level of the research process,

denying the presence of these values denies the ethical responsibilities of those scientists18;20. The

primary intervention part of the GVS project was a set of value-laden discussion sessions on a topic

sitting at the intersection of science and society, such as the social epistemology of science. The

sessions were constructed to allow participants to engage in discussions on the topic that would

encourage the values of participants to be invoked.

Another study of the GVS project revealed that these value-laden discussions affect a scientist’s

ethical decision-making21, and the part of the GVS project presented in this Dissertation is focused

on how these discussions may have impacted the scientists of the fellowship. Focusing then on the

value-laden discussions themselves, we propose a useful way to investigate how the scientists

were making sense of the session is through epistemic frames. The methodology of identifying

epistemic frames has been used to investigate the ways that someone may consider a discussion

in one particular moment22. The framing experience itself explores the assumptions, skills, and

tools that someone considers while engaging a particular task or situation22–24. In doing so, they

necessarily limit the amount of relevant information, or resources, to just what they believe is

needed for the task at hand. By observing the way someone behaves and argues, researchers have

been able to identify the way someone makes sense of a situation. The collection of these pieces

of resources, the behaviors, the warrants of the argument, and their resulting expectations form a

single epistemic frame24;25. My role in this was to examine the ways the faculty scientists engaged

in each discussion. We adapted the methodology of identifying Epistemic Frames to include the

values invoked by the participants and the warrants used in each topic of discussion.
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1.2 The structures of physics graduate education

Physics graduate education in the United States is historically complex and understudied. It is a

system that has changed in process and scale since it began in 186126. Graduate students have

historically gained more specialized experience in research while training to become professionals

in their field27. Concerns of the current system of graduate education include a weakening in the

content taught to graduate students and that the current system is ill-suited to prepare students for

careers after graduating28–30. This process is entirely based on historical context, with no oversee-

ing organization to monitor student progress and establish a set of expectations and requirements

for a Physics PhD. With each institution likely engaging in graduate education in isolation and

potentially little interaction with the program requirements of other institutions, it is unclear how

uniform the requirements of the degree are across the country. We are interested in the require-

ments of the graduate program and the potential variety of ways that a department keeps track of

its students’ progress. We consider these requirements of a physics PhD as part of the structure of

graduate education. These structures highlight the distinct way each graduate program considers

necessary to the physics PhD and what that program values.

Holistic reviews of graduate education are not common31, and when conducted in the 1930s,

the system of graduate education was originally found to be ‘frustrating, confusing, and over-

whelmingly difficult to describe at the national level’32. More recent surveys of graduate edu-

cation in general have been conducted by the National Academies of Science, Engineering, and

Medicine4 and a joint task force of the American Association of Physics Teachers (AAPT) and

American Physical Society (APS) have released report of graduate education in physics specif-

ically33. These national surveys both considered a holistic review of graduate education while

proposing recommendations. Significant work has also been done on particular elements of gradu-

ate education. These elements include determining what success means for graduate programs and

students34–38, the training of graduate students27;28;34;35, and the retention of graduate students39–45.

Within the Physics Education Research community, these investigations have surrounded three

particular aspects of graduate programs: the admissions process46, the perception of candidacy

exams47, and how students navigate through research groups48.
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We seek to expand research into physics graduate education to include the structures of pro-

gram requirements across the country. With limited resources on how universal these requirements

are, we seek to understand the potential variations of those structures. In understanding how uni-

form the program requirements of physics graduate education are, we can then invite a more crit-

ical analysis of the physics graduate system, including student retention, mental health, and other

necessary aspects for furthering the experiences of students.

1.3 Measures of yearly graduate retention and degree comple-

tion rates

The retention of students is part of the concerns of graduate education listed above. Tradition-

ally, these studies have focused on the retention of undergraduate students, resulting in a common

understanding that 50% of students are being retained45;49. These retention studies have been in-

strumental in determining where students are having difficulties in their programs and finding ways

to support undergraduate physics students in persisting. Considering these types of studies at the

physics graduate level, little research has been done. Among the concerns of graduate student

retention are both the impact it has on the students and the effect it has on the department. The

graduate retention studies often propose a particular value, where the rate of PhD student attrition

is between 40-50%39–44;49.

The measures of retention often focus on cohorts of students at particular institutions or groups

of institutions. In this way, the measure of retention/persistence/attrition of students can be in-

formed by the reasons that students are making that decision49–51. More recently, the underlying

reasons for students leaving have shifted to include the influences from the institution, and not only

the students’ academic experiences. These studies have been instrumental in understanding why

students are leaving their programs and productive for identifying places of constructive changes

in graduate programs52.

We are interested in the potential connections between an institution’s retention of graduate

students and its program requirements. An exploratory step in this direction is to start investigating
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the changes in graduate student populations and retention rates at a national level for all physics

graduate programs. In particular, we are interested in creating productive measures of retention

and completion rates. The retention rate focuses on the yearly change in physics graduate student

population, and the completion rate considers the rate of graduate degrees awarded to first-year

graduate students. By introducing these measures, we aim to support institutions in reflecting on

the retention and completion rates of their own graduate students to assess where changes can be

made.
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Chapter 2

Literature Review

This literature review will be split into two parts: first, to discuss the combination of research

interests of ethics education, ethical decision-making, and Epistemic Frames in existing Physics

Education Research. The second part will discuss the history of physics graduate education, includ-

ing the long-standing concerns, present research, and finally, focusing on the retention of physics

graduate students.

2.1 Goals and values in science

In the following section, we provide the landscape of current practices involving ethical training

within the sciences and the scientific community’s response to those practices. We then provide

the background of student epistemologies and argumentation towards building epistemic frames in

Physics Education Research.

2.1.1 Ethical training responding to misconduct

The concern of ethical misconduct in the scientific community is well known, particularly consid-

ering the impact that misconduct has on science, scientists, and the public53. Recent studies suggest

that rates of questionable research practices and scientific misconduct are both high and consider-

ably under-reported54. Where each action taken, choice, and judgment made by scientists carries
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the chance that they will lead to mistakes and false conclusions55. The National Academies also

identified a need for improved training in research integrity3. The American Institute of Physics

(AIP) updated its guidelines on ethics to further emphasize that part of a physicist’s duty is to avoid

ethical misconduct11. Kirby and Houle surveyed the junior members of APS originally in 2004,

who responded with 39% having observed or had personal knowledge of at least one ethical vio-

lation in physics7. This survey was administered again in 2020 to junior physicists and graduate

students, showing mixed improvement. Most notable was the idea that while physicists were being

trained more often in ethics, the number of misconduct violations did not significantly change13.

From the perspective of the scientists, Cairns et al. found that what scientists believe to be causes

of unethical behavior match well with what other studies have shown to be actual causes of those

behaviors56.

The traditional state of ethics training in the scientific research community is largely focused

on engaging with online training modules (e.g., The CITI Modules)15;57. These training modules

are structured to present trainees with scenarios and vignettes depicting misconduct, including

improper authorship or mishandling of data, and then being quizzed56. Other forms include a case-

based ethics training that focuses on particular cases of misconduct, or through particular criteria

that allow for a systematic and objective evaluation of ethical behaviors58;59. Federal agencies

such as the National Institute of Health (NIH) and the National Science Foundation (NSF) have

mandated the education of all trainees in the Responsible Conduct of Research (RCR) for years54,

with Federal requirements for RCR training established in the 1980’s. The dominant mode of

this training is through an online CITI Training System, which centers on trainees taking self-

guided online modules followed by a quiz56. The NIH has additionally provided training grants

for approved training programs14. AIP in 2019 put together a committee of ethics and produced a

set of guidelines11. Additionally, the NIH has strongly recommended that training sessions include

in-person discussions14.
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Concerns of effectiveness of ethics education

Evaluating the effectiveness of these various training programs is also well-established. Antes

et al. conducted a meta-analysis of 26 ethics programs, showing that the overall effectiveness

of ethics instruction was modest. More successful programs were case-based, interactive, and

allowed participants to learn and practice the application of real-world ethical decision-making

skills60; however, little is known about how specific case content influences training effective-

ness61. Considering the current state of RCR training at each institution. There is a general sense

that institutions have adopted the most convenient methods of satisfying RCR requirements, with

little regard to their ethical impact62, where there is little evidence that these standard models of

RCR training are effective12;53;56;60;63.

2.1.2 Ethical decision-making

Many tests exist that investigate and assess ethical decision-making, including elements such as the

Defining Issues Test or the Ethical Decision-Making Measure3;15. These tests present participants

with ethical vignettes and then ask them to rank the best choice of action for the subject based on

their choice of action from a short, defined list. The response to these kinds of training modules is

largely negative and often viewed as pointless54. The intention of these training modules is, in part,

to impart an understanding of how to recognize and respond to various types of misconduct. These

tests model a hierarchy of ethical behavior that subjects are more or less aligned with, ultimately

assuming a model of deficit learning.

Studies of ethical decision-making have largely focused on the characteristics that impact it.

One study evaluated personality characteristics that may have a positive or negative relationship

with decision-making64. Another sought a causal analysis that could identify elements that forecast

changes in this decision-making, highlighting that participants identifying critical causes of ethical

dilemmas were associated with higher quality forecasting and ‘higher ethicality of decisions’65.

By outlining the key causes of dilemmas in a case-based learning format and emphasizing the

negative outcomes, results in better ethical decision-making16. Antes et al. also found that by ex-

amining the effects of the existing RCR, the way participants respond to ethical problems involves
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an underlying process that impacts ethical decision-making66.

2.1.3 Values in science

Hausman described a value in terms of a preference17. If someone prefers one thing over another,

then that person values it. By preferring one thing to another, values must be considered as part of

a relation. Values have particular relationships with one another, then, with some values conflicting

(where someone may prefer two things but only one choice is possible) and others being supportive

(where the end goal of one value inspires another separate value). Notable categories include

ethical values, which include moral principles such as welfare or autonomy, or epistemic values,

which involve the improvement of knowledge in some way. In a study by Linville et al., values

were identified that were invoked while participants discussed research ethics. 3 distinct categories

of values were identified that participants of this study would consider in the intersection of values

within their research work67:

• Ethical - A value that appeals to what the participant perceives as the morally ”right thing”

to do.

• Epistemic - A value that appeals to what the participant perceives as advancing or improving

science.

• Other - A value that does not fall into the ethical or scientific categories. These include

Legal, RCR, Economic, Communitarian, Self-Interest, and Practical.

The intersection of values in science has been studied for decades, and largely understudied

despite its relative importance in the philosophy of science18. Investigating this intersection in-

cludes the direct role that values play in scientific practices. These practices include: framing

the problem being investigated, the method of data collection, and understanding the results of a

study20. The pursuit of understanding the impact that values have in science is something still

being investigated20;68.

Science is traditionally believed to be ‘value-free’, where scientists make decisions devoid of

their own personal biases18;19. A defense of this idea can be found in the works of Du Bois, stat-

ing that public trust in science is dependent on science being without the values of those who
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pursue it69. While this notion is something to strive for, those conducting scientific research im-

plicitly or explicitly make value-laden decisions. In another study, Elliot determined that decisions

in science are inherently value-laden and require a number of different judgments. This study

additionally determined that science cannot be value-free, with particular emphasis on particular

arguments, including the conceptual argument (where non-epistemic values are necessary when

assessing value-laden concepts) and the error argument (when scientists encounter difficulties in

studies, they should consider non-epistemic values when making decisions)68.

2.1.4 Resource framework

The concept of resources sits at the intersection of cognitive science, education research, and be-

havioral science that evolved from diSessa’s framework of Knowledge-In-Pieces22;70;71. A resource

is a small, reusable piece of knowledge and information that acts as a cognitive modeling ele-

ment72. These epistemic resources represent a tightly bundled packet of information that, when

activated, leads the individual to interpret the knowledge at hand in a particular way. Resources are

dynamic, activated, and deactivated moment-to-moment during an activity22. For example, a stu-

dent working on a physics problem for the first time that discusses forces would implicitly activate

resources related to the student’s present understanding of forces. The activation, suppression, and

formation of the network of resources is dynamic as the action related to the resource is dependent

on the present context22;70. For physics students, the activation of these resources is ‘local’, where

the particular resource is activated within a network of many epistemic resources to productively

solve problems and make sense of a phenomenon22;25. Representations of these networks of re-

sources have been investigated in terms of the effect of particular resources being activated and the

effect it has on the structure73.

2.1.5 Identified warrants in arguments

The field of argumentation and rhetoric focuses most on presenting an argument22;74. The sig-

nificant work of Toulmin identified a system of parsing elements of argument into distinct parts:

claims, data, and warrants75. A person will make a statement, the claim, which requires proof.
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Relevant facts, or data, will then be presented to support the claim. The warrant then is the ele-

ment that bridges the supporting data with the claim22. Argumentation plays a central role in the

building of explanations, models, and theories as scientists use arguments to relate the evidence

they have to the claims they reach through the use of warrants and backings76.

Bing & Reddish explored the presence of warrants in the ways that students worked and argued

through a problem. Several notable elements of this work that involve warrants include how stu-

dents’ warrants can shift from moment to moment and how these shifts are closely tied to what they

interpret as the nature of the current activity. The different proofs of arguments used during these

shifts provide different ways that students may be framing each discussion of the same activity.

The warrant itself then shows what epistemic assumptions are being made in that particular mo-

ment of the argument or activity. Therefore, the use of the term warrant focuses the attention on the

epistemic nature of the argument being made, re-framing the warrant as an observable epistemic

resource22.

2.1.6 Epistemological framing

The dynamic and extended process of how someone makes sense of a particular situation or action

is referred to as framing23;77–80. The term ‘framing’ is based on previous works through sociol-

ogy, sociolinguistics, and cognitive science78;79. This process is colloquially referred to as‘ what

is it that’s going on here?’22;24. The challenge of understanding an individual’s thinking includes

a diverse range of conceptual and epistemological possibilities available. Modeling this process

becomes manageable if the model can constrain this range to a manageable set of considerations

possible to the individual during that time22–24. This sociolinguistic and anthropologically spe-

cific variation of framing accounts for a more dynamic process on the time scale of minutes to

hours81. The focusing of particular cognitive elements additionally considers the skills and tools

necessary for the present situation22;23;25;77. As described in Section 2.1.4, resources are small

cognitive elements, formed in networks, activated by the particular context22;73;82. This process of

selecting particular information and skills, or cueing, is informed by an adaptive network of cog-

nitive resources, where shifts in framing are then accompanied by cueing different epistemologi-
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cal resources22. Frank & Scherr investigated a group of students’ collective framing experience.

This study found that the collective of individual students’ micro-processes helps to sustain student

thinking during a collaborative learning activity. They also found evidence that each student makes

sense of the situation at various times, and often does so together. Particular features of the context

contribute to the activation of the knowledge for each student80.

Investigating epistemic framing directly is difficult. Instead, particular characteristics are used

to infer what the framing experience is for individuals. Previous studies identified characteristics

such as body language and meta-verbal cues (e.g., tone of voice, volume of speech, and rhythm in

turn taking)25;78;80. For students working in groups, the characteristics identified shed more light

on the nature of framing itself and the kinds of signals that groups use to communicate with one

another during a group activity25;78;83. The method used by Scherr & Hammer determined discrete

categories of characteristics used to investigate epistemic framing. This then implies that there

are distinct boundaries between epistemic framing experiences where the framing experience can

be external to one individual24;25. More work is necessary to determine what can cause a shift in

framing, and the manner of the change itself25.

2.1.7 Epistemological frames

The epistemic framing experience incorporates multiple elements, as outlined above in Section 2.1.6.

The Epistemic Frame is then the complete set of expectations and activated resources based on

an individual’s framing experience24;25. These frames can be envisioned as a storage area for

conceptual and procedural resources, which promotes the activation of particular epistemological

resources and blocking others77. As someone makes sense of ‘what it is that’s going on’, they

implicitly limit the number of necessary resources based on the expectations they have for the

present situation. Epistemic Frames exist at both the individual and group levels, which coincide

with individual and group epistemic framing experiences. Bing & Reddish found that students can

get trapped in Epistemic Frames for ‘many minutes’, finding them to be ‘sticky’22. This attribute

of Epistemic Frames can be potentially problematic for students existing in inappropriate Epis-

temic Frames for particular problems70. The characteristic markers used to identify these frames
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similarly come from linguistics78. In the particular space of education research, markers used to

identify frames have historically been focused on student behaviors and verbal cues24;25 and the

substance of student arguments25;84. Irving et al. observed students’ actions (and co-occurring

clusters of actions) in order to infer what their frame might be25.

2.2 Graduate education in the United States

The first PhD was awarded in 1861. There was a push in post-secondary education to try and

expand doctoral graduate education beyond the disciplines of Theology, Law, and Medicine. In

the formation of the Doctor of Philosophy degree, graduate students in 1860 at Yale University

engaged in several topics ‘beyond the undergraduate level’. Physics was one of the three PhDs

awarded the following year. Several attempts were made in the preceding years to institute a

doctoral program for those disciplines. The primary vehicle for these programs started in the ad-

vanced courses that would be offered, with some institutions such as Harvard, Brown, and Prince-

ton proposing graduate courses as early as 1829. The graduate program established at Yale addi-

tionally required the writing and defending of the doctoral dissertation. The dissertation itself was

described as an ‘exercise in scholarly research’, and symbolizing ‘the research ability of the doc-

toral candidate in independent and original research’. Beyond these light descriptions, not much

explanation has been given on the development and justification of the inclusion of the doctoral dis-

sertation26. This new system of graduate education was heavily modeled on medieval universities

and the German research institution model of the early 1800s85.

Since 1861, the number of PhDs awarded has been steadily and aggressively increasing. In

the 1920s, the number of PhDs awarded nearly tripled, increasing by another 50% in the 1930s.

The Association of American Universities began working in the 1900s towards standardizing the

requirements of a PhD, ultimately finding the increasingly varying doctoral programs difficult, and

few efforts were made32. A Carnegie Foundation researcher in the 1930s found graduate education

‘frustrating, confusing, and overwhelmingly difficult to describe at the national level’, concluding

that individual departments held sole responsibility for standards32. In the early 20th century, sev-

eral significant changes had taken place in the space of graduate education. The university structure
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was forming as the only venue for professional credentialing for many fields29. This credentialing

and research have driven the development of the system of higher education without requiring any

central organization of that system29. The qualifying exams were implemented to address con-

cerns that the defense of the dissertation, ‘had decayed into an exercise serving only a ritualistic

function’86. To further highlight the comments of the Carnegie researcher, graduate education is

characterized as decentralized, competitive, and stratified29, with no governing body that over-

sees the conduct of graduate education above the level of individual departments and university

administrations29. Also in the 1930s, practices including the GRE and the use of comprehensive

candidacy exams also became more common practices in graduate programs. In the mid-1990s,

the number of graduate students in the science and engineering fields had declined. This number

has since been consistently rising in the 21st century, and then reaching an all-time high42. Dur-

ing this time, a trend of degrees awarded to graduate students also changed, where the number of

Master’s degrees awarded between 1995 and 2005 increased by 47%. The number of doctorates

awarded increased by 26%42.

Concerns of the system of graduate education

Concerns of graduate education are nearly as old as the system itself. In an essay originally pub-

lished in 1903, William James critiqued the reliance on the PhD as a credential necessary for

teaching in the ‘PhD Octopus’ calling the practice ‘a sham, a bauble, a dodge, whereby to decorate

the catalogues of schools and colleges’85. With no central organization of graduate education, and

rapidly expanding in the 19th and 20th centuries, the system of higher education was quickly char-

acterized as decentralized, competitive, and stratified29. Specific concerns of graduate education

involve several elements of the system. In particular, these concerns largely concern the rapidly

changing job market and the overall quality of education. The ‘job crises’ of PhD students is well

documented, with multiple facets. First is that there are more graduates than academic and research

jobs28–30. The specialized training that graduate students receive prepares students for careers in

academic and research roles, and is often ill-suited towards graduates taking jobs outside these

roles28;30. Additionally, students finding positions in these roles are finding the transition between
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graduate education and careers to be difficult28. Considering then the quality of graduate educa-

tion itself, where prominent concerns in the 19th century over weakening standards in awarding

graduate degrees, the poor perceptions abroad of US research universities, and a steady migration

of US graduate students to Europeon institutions led to the founding of the American Association

of Universities in 1900, which found the process of finding a standardized organization of graduate

education too difficult85.

Reviews of the system

Holistic review of graduate education is not a common practice31, yet it has been proposed that

graduate education exhibits certain system features on a national scale. Credentialing and research

have driven the development of the system of higher education without seeming to require any

central organization of that system29. With no governing body overseeing the conduct of graduate

education, faculty and directors often know little about what is happening at other universities29;87.

In 1960, Berelson’s Graduate Education in the United States offered a systemic review of graduate

education that posed fundamental questions of what a PhD means and how quality and standards

can be maintained85. Investigating graduate education itself as a whole has been shown to suffer

from a lack of organization and definition, as the system is too complex and variable35;44. Reviews

and research into graduate education have considered the system as a whole and individual parts,

informing the whole. Historically, many studies have focused on graduate education as a whole as

opposed to these individual elements88. Holistic reviews of graduate education include assessing

outcomes and creating stronger connections between experiences in graduate education and the

employment future of students85, an evaluation of student learning and performance35;89, consider-

ing any predictive nature of admission metrics34, and identifying the goals of graduate education35.

In the physics graduate research community specifically, efforts have been made to discuss trends

and practices in physics graduate education90. Identified changes in physics graduate education

based on these reviews and efforts include the AAPT releasing a statement advocating against

the use of the Physics GRE in admissions, and APS launching the APS Bridge Program and the

IGEN91.
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The National Academies: Graduate STEM Education for the 21st Century

One particular holistic review of graduate education includes The National Academies of Science,

Medicine, and Engineering analysis of graduate education in STEM done in 20154. The analysis

was ordered in part to respond to the concern over graduate programs not adequately preparing

students for careers beyond graduate school and, ‘how well the current STEM graduate education

system is meeting the full array of 21st century needs’. The report from this analysis calls for

a systems approach to moving graduate STEM Education forward, and for each element to help

achieve an ideal version of this system. The report particularly highlights that graduate education

should shift to a more student-centered approach, where greater emphasis and focus is placed

on graduate students as individuals with diverse needs and challenges. A critical element is the

report’s articulation of the core competencies that all students should acquire.

2.2.1 Defining graduate education and success of programs

Determining the success of graduate programs is ill-defined35. Several attempts have been made

to determine the outcomes of graduate education, including elements such as objective and subject

criteria including grades, publications, and predictions of future success34. An increased attention

to these outcomes has been promoted by academic researchers, education-related foundations,

and graduate students85. Researchers have tried to determine a more comprehensive definition

of success in graduate programs and what elements contribute to that definition34;35. Attributes

contributing to this type of definition fall into two groups: institutional contributions and student

influences.

The success of its graduate programs is naturally varied from program to program depending

on the discipline and institution36. The goals can vary as programs train researchers, teachers,

and practitioners. The way each program determines success must be based on what skills are

necessary for each role the graduate students take after leaving grad school35. A traditional sense

of the health of a graduate program has been determined by faculty productivity, and interest in

student-specific indicators of success in graduate programs has recently become more prevalent85.

There are numerous attributes of students that are related to their graduate education and the
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way they contribute to the outcome of graduate education36;37;89. For many researchers, the training

students receive in research plays a central role in the larger definition of graduate education28. The

traditional view of graduate education is very research-focused, where students become researchers

who produce new knowledge35. Faculty identify other attributes as high grades, a reasonable time

to degree, and a student’s ability to find a job post-graduation85;92–94. Another set of attributes

includes the careers students are in years after graduating, and whether their graduate experience

properly prepared them for that career85. Other notable elements of graduate education also include

admission, the GRE, retention, and GPA92;93.

2.2.2 Focus on particular practices and requirements

The complex system of graduate education contains numerous practices, including the dissertation,

courses, and candidacy exams. As stated, there is no organization to standardize the experience

of graduate education. As the subject matter of different departments and disciplines is very dif-

ferent, the faculty in each department naturally want to determine the requirements of a degree

to reflect the training they received in that particular discipline. Many institutions have also rec-

ognized the need to have some consistency across departments, allowing for graduate colleges to

establish particular requirements such as minimum admission standards, credit hour requirements,

and residency requirements95. Another consistent element of practices in graduate education con-

cerns certain ‘benchmark assessments’, including the qualifying exam and the dissertation defense

that all graduate students experience31.

Concerns of practices

Concerns of graduate education are also directed at particular practices, including the critique of the

PhD from 190385. The known milestones are often the subject of these concerns, with a particular

emphasis on admission metrics, candidacy exams, and the dissertation. Admissions to graduate

programs have predominantly been based on measures of classroom performance or tests that

predict classroom performance, with groups suggesting that metrics should investigate evidence of

potential ‘professional distinction’ in situations outside of testing and classroom performance35.
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Significant research has been conducted on the impact of the process of candidacy, involving

both a comprehensive exam and a qualifying exam. in 1932, Pressey et al. published The Final

Ordeal, which considers the role that this practice has on both students and the programs imple-

menting these types of candidacy exams. Both the oral examination and final comprehensive writ-

ten examination are thought to be trustworthy bases for decisions that vitally affect a candidate’s

education and professional future. The written comprehensive examination is not well-balanced or

well-proportioned, and appraised in a rough and untrustworthy fashion, while the oral examination

serves a definite purpose as an occasion for group discussion of candidacy, it is not viewed in this

way. Evidence of the oral examination finds it to be distinctly unreliable, and does not show the va-

lidity as hoped by its implementation. The view of these exams is largely negative, as the exams are

seen as serving a policing function. The oral examination, in particular, is seen as little more than

a trial by combat, and an excuse for failing a poor student when the major professor cannot find

it possible to do so. The authors of this work recommend that departments that careful considera-

tion in administering these exams to holistically appraise the work of a graduate student96. These

sentiments continue in more recent research endeavors. Liera et al. in 2023 found the doctoral

qualifying exams and other candidacy requirements as gate-keeping practices that impact degree

completion, equity, and student well-being86. A growing number of faculty, staff, and students in

the physical sciences recognize that traditional qualifying exams deviate from the work expected

of scholars and criticize them for low passing rates, unrealistic time constraints, unclear expecta-

tions and procedures, and an apparent apathy among faculty to mentor and prepare students47;86.

The belief that comprehensive and qualifying exams are a policing measure used to screen out

students perceived as weak by the program97. The process of candidacy is particularly difficult for

underrepresented groups in physics and also viewed as a gate-keeping practice98.

2.2.3 Training of graduate students

The training of graduate students in research is a central pillar of doctoral education28. Graduate

school gives students the opportunity to select a field of study, a topic of interest, and a chance

to investigate a relevant question in the field27. As students take careers in various roles after
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graduate school, successful training of those students towards these roles is determined by very

different skills35. The way that these skills are taught manifests in different ways across graduate

education, and generally, the way graduate programs are preparing students for many of these ca-

reers is in question34. There is a strong emphasis on students acquiring particular skills in writing,

argumentation, and other evaluations of research. Many of these skills are not formally taught to

students, and instead potentially acquired indirectly through research experiences. Students would

additionally be modeling and demonstrating these skills during lab meetings and seminars. If we

consider the training of graduate students as predictors for professional success, several elements

of graduate education, such as identifying a problem for investigation and critiquing the work of

collogues, can appear as part of the Master’s Thesis or Doctoral Dissertation. As such, there is

a lack of standardized models of assessing these skills and characteristics, likely owed to the fact

that there is a lack of consensus on what constitutes the explicit goals of graduate education35.

Another avenue of investigation of the training of graduate students is found after they have

already left their programs. Traditionally, the outcomes of graduate education are bound by the

years the student is actively engaged in graduate education. These longitudinal studies have been

critical in pushing past degree completion in understanding the career choices of the graduate stu-

dents and how their graduate education impacted those career decisions85. With an established

‘job crisis’ of few academic careers for the multitudes of graduate students, the overall recom-

mendation from several studies is that graduate education should adapt to alternative career paths

and provide versatile training for these paths and information on different options available to stu-

dents28;42. These versatile training opportunities could include helping students develop explicit

skills in project management, understanding of finance, funding and resource management, pro-

fessional and research ethics, and relating the application of research to a more social context42.

The socialization process

The traditional pedagogy of training graduate students is based on a discipline-centric relationship

between student and advisor within a focused community31. In research-oriented programs, this

training model can be viewed as a process of academic socialization, where students are expected
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to move from apprenticeship to independence. More successful modeling of this process usu-

ally occurs in environments where the faculty are actively engaged in research activities35. This

socialization process is a transformative process where a novice identity is converted into a pro-

fessional one that encompasses newly acquired specialized knowledge, skills, techniques, values,

and attitudes27;99;100. Experts are believed to have a great deal of domain-specific knowledge that

is hierarchically organized. Success in graduate education, then, is partially defined by perceived

professional success, where students exhibiting behaviors and skills reminiscent of a professional

are highly favorable. These professional skills include writing, argumentation, and evaluation of

research, many of which are not formally taught by graduate programs and are acquired by stu-

dents informally. Part of this includes practical professional knowledge, and for many students,

the only opportunity to demonstrate and model these skills is in lab meetings and seminars. This

modeling may also occur in graduate courses where students learn the ways in which leaders in

particular fields may consider problems and issues35. In the physics community, the model of a

physics expert is traditionally defined by the cognitive abilities of experts, such as having large

amounts of content knowledge and having superior memory retrieval mechanisms for problem

solving developed through ten years of deliberate practice. For physics students, this process may

begin as early as the first introductory physics course in high school or college, but likely happens

during graduate school, where students would have opportunities to develop skills and knowledge

in a supportive community through deliberate practice and physics research27.

Experiences and concerns from graduate students

A critically under-researched element of graduate education is the experiences and perceptions of

the graduate students themselves43;85. Understanding this experience and perception involves mul-

tiple parts, including the support that students receive as graduate students as part of their changing

identity27. Understanding these lived experiences of graduate students is important in understand-

ing the barriers that may exist and identifying distinct ways of supporting students41;43;99;101;102.

The student response and perception of the training they receive highlight some potentially

problematic practices in graduate education. Several areas were specifically mentioned, including
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the preparation of academic work, preparation for careers outside of academia, the development of

scholarly competencies, involving conceptual understandings of a particular field, knowledge and

skills relevant to their area of study, interpersonal skills, and professional attitudes and beliefs99. In

a survey of 4000 doctoral students in 2001, students reported that the training they received in their

programs was not what they wanted and did not prepare them for the jobs they would eventually

take30.

2.2.4 Physics graduate education research

The numerous studies listed above concern many different aspects of graduate education dating

back several decades. Many of these studies considered graduate education from an interdisci-

plinary perspective, and no study considered physics solely for research. Within the space of

Physics Education Research, the interest in graduate education has been largely focused on partic-

ular aspects, and little about the system of physics graduate education as a whole. For instance,

Young et al. found that allowing for a more holistic review process of admissions to graduate

programs allowed for a more diverse and equitable graduate student population46. More recently,

there has been a shift in focus beyond admissions studies, moving more into physics student per-

ceptions of candidacy exams47 and students having difficulties in research groups48. With these

studies, we see this continued emphasis towards understanding the precise difficulties in the struc-

ture of graduate education. With an emphasis on better defining the problems in physics graduate

education, this is not only a concern of various research groups but also organizations in physics

education.

A task force to study the status of graduate education in physics in the United States was formed

between the American Association of Physics Teachers and the American Physical Society in Jan-

uary of 200333. The standing Committee on Graduate Education called for this task force partly in

response to discussions of an expressed concern that changes in graduate education would weaken

the ‘unity’ of physics as a discipline, echoing the concern listed above. These changes were listed

as fewer common courses required and lowering the level of the comprehensive exam. Another

reason for this report is that physics as a discipline has hardly changed in the previous 50 years.
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The task force itself would then be charged with identifying the following points: the current sta-

tus of graduate education, the graduate student experience, and departmental issues. The authors

proposed at the time that the central curriculum should cover some form of Classical Electrody-

namics, Quantum Mechanics, Classical Mechanics, Statistical Mechanics and Thermodynamics.

They additionally recommend various training programs, such as communication and literacy, and

that programs take a more active role in monitoring student progress to the PhD.

2.2.5 A system deficit model

The traditional effort to understand student difficulties in STEM courses is framed as, ‘under-

standing how [underrepresented students] managed to acquire various forms of capital they did

not possess upon entry’103;104. This can be described as a student-centered deficit model105;106.

Harper proposes that instead of focusing on models that persist deficits, researchers examine an

anti-deficit model to determine, ‘what do students of color have’, rather than ‘what do students of

color need?’103;104. This model is informed by psychology, sociology, and education and is built

to shift the focus from the needs of the students to what students are using to support themselves.

The model then shifts from the student-centered deficit model to a structure-centered deficit model,

where asset-based approaches can promote learning in meaningful ways103.

The application of this model has been investigated on several scales. Cotner & Ballen deter-

mined that several features of a classroom environment can form barriers and create a deficit in the

performance of underserved students. These barriers were also shown to be mitigated by instruc-

tional choices and removal of particular elements such as ‘cues that foster stereotypes’ and ‘use of

role models as examples’107. Webb & Paul determined that centering a course-deficit model for

an introductory physics course appropriately closes some demographic grade gaps105. Later work

by these same authors highlights that differences in performance between different student groups

in a given course to the features of the course itself. The course deficit model re-frames equity

gaps as a product of the course that is failing to leverage the assets of a diverse student population,

rather than blaming the equity gaps on the students. With this approach, ‘the system must adapt

to the changing population because the alternative is to force our students to adapt to an outdated,
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inequitable system’108.

2.3 Retention of graduate students

Concerns of student attrition and retention are well-established for undergraduate students. Models

have been established for years that build on the work of Tinto109, where developing a model of

student retention involves considering other elements. This can be seen in the work of Bean, who

broadly sought to investigate the determinants of student attrition49, and Berger & Milem, who

worked to further the understanding between behavioral involvement and perceptual integration

in college persistence50. This highlights a trend in developing models of attrition and retention,

where additional elements inform those models. To accomplish this, conceptual models were made

at single institutions, employing follow-up surveys to attempt to establish why students leave an

institution49. These conceptual models have been applied to undergraduate students at various

institutions involving both traditional and non-traditional students110. These models involve a path

analysis technique that examines the direct and indirect effects of variables in these longitudinal

studies of persistence50. A common problem with these previous models of student attrition lies in

the fact that the definition of variables used in the analysis rendered the models unsuitable for path

analysis49.

The seminal works of Lovitts built upon the work of Tinto40;109 to consider retention at the

graduate level. In doing so, similar methods of conceptual modeling and path analysis have been

considered at the graduate level. Doctoral attrition has been considered important for 3 particular

reasons: first, that attrition at the doctoral level is poorly understood; second, consistently high lev-

els of attrition may signal underlying problems in a department, university, or discipline; and third,

that research on attrition is motivated by the economic and psychosocial cost of attrition. The

modeling of undergraduate retention has informed much of early models of graduate retention,

with little theorizing of models distinct from these modeling techniques39. Doing so has allowed

researchers to determine the importance of graduate institutional characteristics and the impact they

have on positive student outcomes, where these characteristics may act as barriers for students39;51.

30% of the reasons that students noted as contributing to their attrition belonged to departmental
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reasons such as inadequate advising, financial support, and departmental policies41;111;112. Studies

like these helped expand reasons for students not persisting to include departmental and institu-

tional factors rather than solely the students’ academic experiences111. Lovitts contributed to this

idea by pointing out that ‘the reasons for attrition are embedded in the organizational culture of

graduate school and the structure and process of graduate education’40.

Models of attrition, retention, and persistence often follow the establishing techniques of path

analysis and longitudinal models51;113. These models were determined on several scales, con-

structed based on single institutions to nationally42;51;94. A product of these conceptual models

considers values of retention, attrition, and completion or graduation rates. Lovitts concluded that

the graduation rate for PhD candidates is as low as 50%40. Other studies have found similar re-

sults. Golde found that 40% of the students who began a doctoral program fail to complete it39,

Terrell et al., who determined the attrition rate of doctoral students to be 40 to 50%41, and the

Ph.D. Completion Project determined cumulative completion rates to be 58% for men and 55% for

women94. While 50-60% remains the more common rate of completion39–41;94;114, Wendler et al.

also determined non-completion rates at one institution to vary dramatically by discipline, ranging

from 29-63%42.

2.3.1 Retention studies in STEM

Now, considering retention and completion rates of STEM students, these modeling techniques

persist. A push to understanding retention has taken more significance when considering that

enrollment in higher education may be facing an enrollment cliff108. In continuing the trend of

conceptual modeling, Seymour & Hunter determined a hierarchy of 23 factors that contributed to

students’ decisions not to persist in their STEM majors115. This technique has been used for various

student populations and the effect different characteristics have on those students persisting in their

STEM programs115;116. In physics, this modeling has considered the physics students and curricula

of the department117.

Similarly, transitioning to graduate programs, conceptual models have been used to understand

factors that contribute to attrition in graduate programs. Owens et al. additionally found that the
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visions of faculty and graduate students were not aligned despite the two groups being aligned

in improving retention52. Particular characteristics identified as having a significant impact on

student graduate completion include the impact of the GRE on student completion rates, resulting

in higher GRE scores being more likely to depart111. Graduate retention and completion rates have

been determined to be harder to study, citing a number of issues, including the lack of uniformity

in student populations, program requirements, definitions of PhD students, and undefined time to

graduation. Gross et al. additionally determined that the completion rate for PhD students is at or

slightly above 50%. The balance is not made up by students who receive a Master’s degree. This

suggests that roughly 25% of the students who enter graduate school leave in some ‘undocumented

way’114. Maher et al. determined the overall attrition of graduate students in a medical school to

be 5.7% through a cohort analysis lasting 10 years118. Owens et al. found retention rates for

under-served groups in graduate physical science and mathematics programs to be around 50%52,

while Sachmpazidi & Henderson determined retention rates for graduate students in science and

engineering doctoral-granting departments to be 59%. Concerns of attrition in STEM graduate

programs share those listed above, with particular emphasis on the effect on underrepresented

groups and the emotional and financial cost of attrition111.

2.3.2 Physics graduate retention

The modeling of graduate completion rates has similarly been conducted in physics graduate ed-

ucation. This has illuminated factors that influence doctoral completion and attrition, including

disciplinary issues and mismatched expectations between students and their departments, poor ad-

vising, and structural isolation of students. These modeling techniques additionally highlight that

while research on attrition is prevalent, and resulting improvement on placement tests, communica-

tion skills, mentoring of students, professional development opportunities, and productive partici-

pation in the department; attrition in graduate school remains high, with nearly half of the students

enrolled in graduate PhD programs do not graduate with their physics PhD within 9 years27. Fur-

ther investigations are needed to fully understand the factors that impact attrition, and it remains

an important priority for researchers. Graduate attrition in physics continues to be a multifaceted

27



phenomenon, largely not well-understood, including a lack of a systematic way of recording the

reasons that lead students to depart their programs. The Bridge Program has developed several

key recommendations to address this, including mentoring and research engagement, and better

support for students. Students affiliated with the Bridge Programs have been shown to have a 92%

retention rate111.

2.4 Summary of Literature Review

Ethics training and decision-making

Ethics training for scientists has been required by federal agencies for decades56. Despite this

training, the number of ethical misconduct reports is still significant7;13. This has called tradi-

tional ethics training, including RCR, into question. With more recent emphasis on someone’s

ethical decision-making, case-based training formats are productive for impacting someone’s eth-

ical decision-making. In the fields of anthropology and sociology, an epistemic frame is a way to

capture someone’s particular way of making sense of something. The methodology of identify-

ing epistemic framing that results in an epistemic frame can be characterized in several ways in

Physics Education Research, notably through student behaviors and warrants through a framework

of epistemic resources.

Physics graduate education

The first physics PhD was awarded in 1861, and the system of graduate education rapidly grew

in the following years. As the system grew, practices were added, such as candidacy exams,

as deemed necessary because of concerns in the then-present system. A central organization of

graduate education does not exist, and a product of this was a system already considered to be

complex and difficult to describe at a national level by the early 1930s. Research into graduate

level is a newer area of physics education research, and several critical elements that promote

changes in graduate programs include admissions and the process of candidacy. Holistic reviews of

graduate programs are not common, but many elements of graduate education have been reviewed.
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This includes understanding the success of graduate programs, the impact of particular practices on

student success, and the training of graduate students as researchers. Structural analysis of graduate

education illuminates a path towards understanding the direct impact that different structures have

on student success.

A particular concern in graduate education is student retention. Understanding the barriers and

elements of the university system that affect students persisting in the program has helped reform

elements to improve student retention. Student retention is well-documented for undergraduate

students and is often found by modeling particular cohorts of students. Similar studies have been

conducted for graduate students, often focusing on particular cohorts of students at single institu-

tions or multiple institutions. At the graduate level, the common conception is that nearly 50-60%

of graduate students enrolled will be awarded a PhD. The models used to determine the results are

often through keeping track of cohorts of students or individual students’ particular pathways and

the particular parts of graduate education that are pushing students out or keeping them in.
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Chapter 3

Identifying epistemic frames in value-laden

discussions

3.1 Motivation and outline of this chapter

The study presented in this chapter represents a growing interest in the ethical responsibilities of

scientists. The history of training in ethics and RCR is mired by ineffective modules and practices,

and the number of ethical violations has persisted despite decades of training opportunities. A

more recent approach is aimed at understanding the ethical decision-making of scientists and how

this affects the way that they navigate the difficult decisions made in conducting research. The

methodology of identifying epistemic frames has been used to make sense of how students engage

in problem-solving as a group, and we propose this as a promising start to understanding how

faculty scientists navigate discussions that center their own values. In particular, this chapter will

be guided by the following research questions:

• What group epistemic frames are present in value-laden discussions?

• What group epistemic frames are characterized by the values invoked by faculty scientists?

Section 3.2 will establish the contributions of ethical decision-making and values in science

towards defining the epistemic framing experience and frames of these value-laden discussions.

The adapted methodology of identifying these frames will be described in Section 3.3. The 3 dis-
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tinct group epistemic frames outlined in Section 3.4 will be contextualized in terms of established

group frames, and the value they bring to understanding ethical decision-making will be discussed

in Section 3.5.

3.2 Theoretical framework

There is little present research on the group epistemic frames of faculty scientists. As described

above, there is extensive literature on physics students employing multiple types of epistemic

frames in the process of problem solving. We wish to utilize this study to apply the framework of

epistemic frames to a new context. In this section, we will contextualize the theoretical framework

of epistemic frames within the space of value-laden discussions present in the fellowship and the

overall goals of this project. Doing so involves several different elements. First, we will briefly

describe the characteristics used to describe the epistemic framing of group discussions, and then

the assumptions of the epistemic frames tied to value-laden discussions.

3.2.1 Characterizing epistemic framing

In the moment of making sense of a present situation, the way an individual chooses what informa-

tion and skills are relevant is framing22. Critically, this process of framing is dynamic, happening

on the time scales of minutes to seconds. Instances of epistemic framing have been investigated in

environments such as students working through problems together. This helped to highlight dif-

ferent ways that students considered problems, and this process allowed researchers to determine

probable considerations the students made at that time.

Considering then the application of this process to the particular context of this work. Little

research establishing epistemic framing in discussions among faculty has been done. If we con-

sider that epistemic framing can be similarly studied for faculty discussions, then the process of

identifying that framing experience may also be applied. Something notable is the difference in

experience between students and faculty. As the faculty are considered to be experts, we can ex-

pect a difference in complexity in the framing experience70. Faculty scientists can be expected to
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process the present situation at a faster pace than the students. In the process of framing, students

have been shown to activate particular resources. For faculty, being experts, we would presume

that they would have a larger network of different resources to potentially work with. Of particular

interest among these resources are ethical and epistemic values.

3.2.2 Epistemic frames of value-laden discussions

The collection of the information that someone puts together for a particular situation is the epis-

temic frame they form at that time. As someone tacitly places their understanding and perceptions

in the context of the situation, they select the necessary sets of skills and information. The same

must be true for groups of individuals in the same context. The group epistemic frame is some-

thing that likely elicits a particular set of resources from each individual as they share the group’s

making sense of ‘what it is that’s going on here’. An added complex layer to the frame is added by

the interactions of the group. An epistemic frame is characterized by the expected behaviors and

characteristic markers of the individual’s making sense of the situation. A group epistemic frame

adds an element of sharing and reacting to those characteristic markers. There must then be some

relationship between the characteristic markers at the individual and group levels. For example, in

a discussion between faculty scientists, if someone mentions a personal anecdote from their disci-

pline related to the work they conduct, and someone else from a different discipline responds with

another perspective, then the characteristic marker is a personal reflection coming from the same

point of relating the discussion to the scientist’s particular discipline. This is a supportive type of

collective characteristic marker, and other relationships are likely present in the group epistemic

frame. Another element of this set of shared characteristics is the discussion-laden nature of the

group frame. As the group navigates the discussion, there will likely be instances of both collective

understanding and arguing.

Capturing group epistemic frames is difficult. The collective frame cannot be directly observed,

as described above. Instead, we must employ characteristic markers to determine the likelihood

of an epistemic frame to exist. Extensive work has already been completed in education research

on different characteristics that likely elicit the epistemic frames observed in both individuals and
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groups. Characteristics such as verbal cues, non-verbal behaviors, and warrants have helped to

determine a number of existing frames in education research. Students working through physics

problems revealed several groups of epistemic frames. The 4 frames determined by Scherr and

Hammer helped to promote the use of characteristic markers such as behaviors and verbal cues24.

The work conducted by Irving introduced the concept of frame coordinate planes with students

engaging with problems through Math and Physics understandings, with additional work by Chari

et al. to determine how students shift between these frames23;25.

3.3 Methodology

We first establish the process of identifying group epistemic frames within the specific context

of faculty value-laden discussion. Following established practice in the education research litera-

ture, the frames we establish are those shared by the group as a whole, rather than those held by

individuals.

3.3.1 Context: fellowship formation

To explore how faculty engage in value-laden discussions on ethics and science, we formed a

fellowship of fifteen faculty in the sciences at one Midwestern research university. Recruitment

consisted of email invitations sent to department chairs in biology, biochemistry, chemistry, ge-

ology, and physics. The fellowship participants were split into two roughly equivalent groups to

better facilitate small group discussions. These groups were then reconfigured halfway through the

fellowship again to highlight potentially different interactions between the faculty.

The fellowship met ten times during the academic year. The topics discussed were chosen

by the authors to help elicit a wide range of discussion possibilities, including both societal and

scientific areas of interest. These topics included the social epistemology of science, scientific

advocacy, and diversity. The faculty were also told that they would be explicitly addressing value-

laden questions and that the overall research goals of the study would center on ethics in science.

The sessions consisted of approximately 70 minutes of discussion, each organized as one member
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of the research group acting as moderator to each group of faculty engaging with the central topic.

The faculty were given readings and prompts prior to each session concerning the central topic,

and the moderator only intervened to provide additional context when necessary.

The first session introduced the faculty to philosophical concepts and ethical theories. The next

six sessions of the fellowship were held in person, before they were moved to virtual discussion for

the last three sessions due to the COVID-19 pandemic. The topics of the intervention were chosen

to cover a range of relevant subjects at the intersection of science and society, including public

participation and perception of science and advocacy. Subjects such as diversity, inductive risk,

and statistical error were picked to encourage participants to reflect on their own understanding

of the intersection of epistemic and ethical values. Crucially, this reflection also encouraged the

faculty to relate the subjects to their own goals related to their research and work. With interdis-

ciplinary participants, this would potentially allow for fruitful discussions of the general standards

and goals of science, standards across disciplines, and the impact science has on society. Each of

the fellowship sessions held in person was video and audio recorded from two perspectives.

3.3.2 Data collection

Seven of the fellowship sessions were held in person. We elected to consider only these sessions

for this study as we presume a certain consistency in group interactions that would be disrupted

when the sessions transitioned to the Zoom environment. This is allotted for approximately 490

minutes of discussion across 7 topics. The seven session topics investigated in this study are listed

in Table 3.1. There are a total of 36 videos of data, including both groups of faculty. The average

video length was just over 30 minutes.

The video and audio data were collected for each session. The structure of each session began

with the moderator opening by introducing the general topic through the context of the papers

provided. In some cases, this would additionally involve the moderator providing context for the

present study. The time frame for this section often spanned only five minutes. The moderator

would then open the discussion for the participants present, first centered on the general feelings

and impressions of the papers involved. The participants were then responsible for the remaining
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Session # Topics
1 Introduction & Ethics
2 Value-Free Ideal and Inductive Risk
3 Value Choices & Statistics
4 Replication
5 Social Epistemology
6 Diversity
7 Advocacy

Table 3.1: The first 7 sessions of the fellowship that were held in person. Each session lasted
approximately 70 minutes, covering one topic. The moderator introduced the topic listed, and the
session would consist of the participants engaging in different discussions surrounding the central
topic and papers provided.

time of the session to guide the discussion. The moderator would help to facilitate the discussion

and provide context when needed for the study or the discussion itself. Finally, the moderator

closed the session with any necessary logistical information for the next sessions.

3.3.3 Identifying group epistemic frames

Several authors gathered the necessary videos for the first seven sessions of the year-long inter-

vention. Each session was approximately 70 minutes long, with some sessions in multiple videos.

The process of identifying the epistemic frames happened in four major processes: identifying

and characterizing shifts in framing, identifying segments of group interactions sitting between the

boundary of each shift, gathering similar segments present from all sessions, and finally character-

izing these groups of segments as group epistemic frames.

Shifts in framing

Coders watched each session multiple times. The first time watching the video allowed the coders

to get a sense of the discussions present in each session. The second watch through was focused on

identifying different characteristics of the group of participants. First, the number of participants

was identified in each session. Each participant was given a letter as identification, starting with

the Moderator as M, and proceeding clockwise around the table with A, B, etc., where participants

would likely have a different letter for each session. From the literature of epistemic frames listed
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Characteristic Markers Description Example
Gestures Physical hand gestures by the participants Participant A gestures to B while

speaking
Tone of Voice Vocal quality of the participants Participant F speaks in a nervous

voice.
Volume Volume of the group discussion High group Volume
Body Language Distinct body language of a single partic-

ipant
Relaxed, Shifting in Seat

Discussion Types The theme of the discussion Discipline Related
Claims Verbal claims made by participants Participant D stated mice re-

search is more accessible
Values Invoked Particular values invoked by a participant

during discussion
Participant D invokes an Ethical
Value about birth control acces-
sibility

Number of Speakers A number count of the number of partici-
pants speaking during one segment

6 participants

Change Instigator Participant (including the moderator) re-
sponsible for changing discussion

Participant B shifts the discus-
sion to statistical standards

Warrants The evidence used by the participants in a
discussion

Participant C mentions a per-
sonal research anecdote related

Atmosphere of Dis-
course

A check of the speaking atmosphere in-
cluding how comfortable the participants
appear

The discussion becomes tense
and more argumentative

Table 3.2: The characteristic markers identified from the Fellowship Session video data. This list
was chosen using previous literature as a basis, with other markers identified during the process of
watching videos. Each marker has a description and an example that is expected from the faculty
sessions.

above, we used this second time through the session to identify characteristic markers. Some

markers, such as gestures, tone and volume in speech, warrants and types of discussions, and

body language, were included as potential characteristics of the group frame. These characteristics

were initially chosen based on the established markers used in previous frame studies. Other

markers were included based on the nature of this study (values invoked), and others due to their

presence in the fellowship sessions (change instigators and discussion atmosphere). These markers

were identified as belonging to individual participants or the group itself. The first and second

time viewing the fellowship sessions helped to expand the list of markers we considered. The

description of each characteristic marker used and an example consistent with the value-laden

discussions are all included in Table 3.2.
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Watching each session again, we placed the Characteristic Markers at their appropriate time

in the videos including the individual(s) that invoked each marker. This resulted in each of the

session videos now having all characteristic markers now labeled.

Identifying segments of group discussions

The sessions were each around 70 minutes long. Based on the literature, we would expect the

group epistemic frames to be on a shorter time scale compared to the entire video. We also ob-

served multiple types of discussions happening in each session. Each session concerned one topic,

but multiple discussions over different aspects of that topic occurred in each session. A Character-

istic Marker we used in the coding of each session included the type of discussion the participants

were having. Shifting the focus of identifying frames to identifying particular subtopics of discus-

sions greatly reduced the time frame. Hereafter, we will refer to particular types of discussions as

Segments of the session. These types of discussions ranged from participants reflecting on their

own understanding of the paper introduced at the beginning of the session, to them sharing anec-

dotes of their personal experiences on a topic, to an argument of the particular session topic itself.

A critical element of the framework is the ‘making sense of the current situation’, and in the event

of discussions changing topics, we determine this as a suitable boundary between frames, as this

is when the characteristic markers are likely to also change. Dividing the sessions into segments

along the lines of changing subjects in each session was carried out by each coder. The coders

additionally met several times to ensure that there was full agreement on the time frame of each

segment, and that characteristic markers were correctly coded for each segment after the divisions.

Any disagreement was discussed among coders until full agreement was reached.

Gathering similar segments from all sessions

With each session now divided into segments with characteristic markers placed, we first deter-

mined the number of segments per session. We then gathered segments based on several criteria.

In an effort to remove biases on particular frames aligning with the different types of discus-

sions of the fellowship, we primarily focused on the characteristic markers. Based on the lit-
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erature above, this method of gathering together collections of characteristic markers is already

well-established24. We investigated the segments in total, paying particular attention to groups of

characteristic markers present in multiple segments. For example, segments where a particular set

of behaviors and vocal cues are present during certain claims or values being invoked would be

placed in a single group.

Characterizing group epistemic frames

Each group of segments now shares a list of similar characteristic markers. The characteristics of

each segment are those present in the group of segments, and additionally, it notes how many of the

participants show those characteristics. These groups share these characteristic markers, and by

the metrics mentioned above, this denotes that these groups are the group epistemic frames present

in this study. The characteristics of each group’s epistemic frame are based on the characteristics

present in these groups of segments.

The characteristics that describe the group epistemic frame are based on what the participants

are doing (i.e., behaviors, vocal cues, voice tone) and how the participants are discussing the topic

of that frame (i.e., the warrants, values invoked). In each group of segments, there are warrants that

the participants invoke during the discussion. If we consider the warrants and values invoked in

each discussion, we can infer a set of expectations that someone might have while in this epistemic

frame. Consider what epistemic frame a Teaching Assistant working through a physics problem

on a board while lecturing is in. The TA exhibits behaviors like writing on the board, talking with

gestures as they lecture, and looking around the room for potential questions. The warrants invoked

could include particular physics theories for the problem or personal interpretations. Considering

both the way the TA is talking and the way that they are describing the problem helps us determine

particular expectations the TA may have during that time. These expectations in this example

may include how much time the TA needs to spend on a particular aspect of the problem or what

information is critical to add to the current explanation.
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Table 3.3: The 3 group epistemic frames identified from value-laden discussions in the fellowship
sessions. Each epistemic frame is described by the framing that the group collectively experiences,
identified by the expected behaviors, warrants, and expectations they likely have while in that
frame.

Group Epis-
temic Frame

Expected Behaviors Expected Warrants Likely Expectations

Facilitator
Frame

Writing, Listening to
Speaker, Reading

Small clarification
questions

Listening to a primary
speaker and not need to
form input

Sharing Sci-
ence Frame

Normal Talking
Rhythm, Gesturing,
Leaning Forward

Experiences through
career

Learning from one an-
other.

Arguing
Claims Frame

Elevated Pitch and
Noise, Increased Ges-
turing, and Shifting in
Seats

Experiences through
personal values

Justifying claims

3.4 Results

Investigating the first seven sessions of the fellowship, distinct segments were identified and grouped

into 3 distinct epistemic frames. The segments lasted a range of different times, from under a

minute to the upper range of around twenty minutes. The average length of time for these seg-

ments was about seven minutes. The average number of segments per session was around eleven.

The group epistemic frames are: Facilitator, Sharing Science, and Arguing Claims. The character-

istics and potential expectations and warrants of the participants engaging in each frame are listed

in Table 3.3.

For each of the following group frames, we will describe both the common framing experience

that the participants engage in while in this frame and the characteristic markers identified by that

framing experience.
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3.4.1 Facilitator Epistemic Frame

Group framing experience

The group framing experience of this epistemic frame centers on the participants listening to one

participant or the moderator for an extended period of time. The participants in this group frame

have the least amount of group engagement in the whole of the fellowship discussions. The partici-

pants assume a role reminiscent of a student listening to a lecture. The moderator likewise assumes

the role of the lecturer as they introduce new concepts and ideas or elaborate on points being made.

Characteristic markers of the group frame

The characteristic markers consistent with this group epistemic frame include instances of faculty

writing down information, reading through documents, and primarily listening to the speaker, who

is often the moderator. The faculty may raise questions or comments based on the context of the

situation, most often seeking clarification for the discussion. The expected warrants made during

these discussions show the participants using this time to engage with the material being presented

and ask questions when something was not clear to them.

3.4.2 Sharing Science Epistemic Frame

Group framing experience

This frame describes a group of faculty scientists engaging in group discussions towards a shared

understanding of a concept. This manifested during discussions where the participants divided

into groups depending on their familiarity with the central topic. The topics that were discussed

tended to be interpreted by the participants concerning their own experiences in their careers, with

the following discourse focused on the way that the participants are reaching each other’s views

on the subject. The following transcript was taken from the Replication session to show this type

of framing experience.

E: ...what have we missed by always doing mice for cancer?
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D: I mean I agree with you, but on the other hand you can see the utility right? ....and

you do your test, and so there are less variables to worry about and you come up

with a result. ...Let’s see if we see this in a more complicated system; chimpanzees

or whatever (hand gestures). But, but at least with the mice, you get rid of a lot of

variables. (epistemic value)

B: Absolutely. I’m not saying mice studies aren’t worth-while. (epistemic value)

E: But, where I come into agreement with if you draw all your conclusions with the

mice and make the jump to humans that’s where I see you are expressing, I think, the

problem.

B: I mean mice, 100 percent have a role within human biology studies. But there is a

reason they are pre-clinical and not small clinical studies you got to have a lot mouse

evidence before you go to a human because I’m not taking your drug because two

days ago you cooked it up in your laboratory and decided it worked...you better have

evidence before you move onto the next level. (epistemic value)

F: On the same lines right, living beings are so complex the positive controls they

use are different estrogen mimics right obviously.(muttered agreement from several

participants). So the response in different species can be different on very narrow

bases between two different chemicals. And so it’s tricky, it’s real tricky I think to

conclude anything really positively about the effect humans from studies on mice from

different positive controls...I think the most interesting thing I found is the most sim-

plest thing and that is they report that 100 percent of industry studies found no effect

(laughter and mutters of agreement from several participants)

G: I think half the studies showed no effect, right so half of them are industry studies...

C: It was hard to get through, but I thought there was an undercurrent of the author

suggesting perhaps that firms that have undertaking this research for profit. I thought

they were coming out and saying there was an implicit sort of thing they were not

reporting
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G: I’m sort of amazed how, I’ll just say, political this paper is (some participants

laugh). I cannot imagine a physics paper like this taking shots at the FDA and com-

panies like the EPA....from my field, ours is so dry you would never make any sort of

reference.

Characteristic markers of the group frame

The characteristic markers that help to define this group frame include the behaviors and verbal

cues of the participants, such as the comfortable laughter and agreement, both verbally and phys-

ically expressed in the example above. To contribute to the collaborative and comfortable nature

of this group frame, we found the participants having a tendency to gesture more as they acknowl-

edge contributors to the discussion and lean forward while visually keeping track as the discussion

passes between speakers. Speakers referencing particular points of the paper being discussed led

to other participants finding the point in the paper to follow along.

The expected warrants that the participants connected to the discussion tended to follow a

particular pattern. The discussion tended to center on more scientifically-minded topics, such as

cancer research for mice in the transcript example above. During these discussions, some par-

ticipants would be able to speak from a discipline-specific set of experiences and knowledge to

discuss the topic. The participants in these segments would likewise invoke values that are con-

sistent with these warrants. In the language of the categories of values determined by Linville et

al.? , the values invoked in this group frame are in the epistemic category, focusing on what the

participants consider advancing or improving science. The warrants invoked include how some

participants are able to relate to the topic with this knowledge and experience. For the participants

of the discussion less familiar, they can use this opportunity to ask clarifying questions of the more

expert participants or quietly listen. This group frame also exhibited high engagement from the

participants, with many segments having all participants speak in the time frame of a single seg-

ment. In total, the participants in this group frame use this opportunity to learn from one another

about a particular topic that is specific to a discipline that a participant may have expertise in.

42



3.4.3 Arguing Claims Epistemic Frame

Group framing experience

This group frame consists of faculty scientists engaging in group discussions where statements

and claims made by the participants are being challenged at the level of values being invoked.

This was marked by there additionally being a shift in the atmosphere in the room and discus-

sion during these segments. The faculty acknowledges this change in the speaking atmosphere,

and the response to this change invokes particular characteristic markers distinct from the group

frames identified above. The following example is a transcript taken from the Diversity session to

showcase this framing experience.

M: So what about the policies and should we be stepping into that, so what do you

think about the actual policy recommendations?

Pause for 5 seconds

B: I mean I am all about making birth control accessible but forcing it on people would

be incredibly difficult... (ethical value)

E: While we’re talking about populations, they are pretty low on things I personally

worry about, there’s like lots of evidence that as cultures reach this point where they’re

reasonably prosperous and women are reasonably empowered and have access to rea-

sonable contraceptive approaches ... I think it sort of takes care of itself in the long

run just because of a (F shakes head) assuming we’re able to build that sort of society

but...equality where women are adequately empowered and have access to resources

B: Which they’re not, they’re not (ethical value)

E: No, but it’s, it’s happening around the world, not everywhere but you know

B: It’s hard to get birth control in some places in this country, it’s expensive too right?

F: Just like related to levels of education...(cut off by C)
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C: So...that’s much more complicated in that, right because it’s related to how much

energy you consume and you cannot consume energy if the right to consume it per

capita in the US if you tried to do it all over the whole world...I mean the reason that

people don’t have like 500 kids here and in western Europe is because it’s very very

expensive and they have other things to do.. (Other Value)

E: I mean I don’t know, I wouldn’t have more than two kids even if you know even if

quote, unquote, the whole experience. You know it’s too much work

C: You cannot accept it like...(overlapping with E)

E: You know, it’s like there’s this huge crowd of people who wanna have 5 or 6 kids.

C: There’s a lot of people in Kansas that have 4 or 5 kids right?

B: They totally exist...they exist (overlapping with C)

F: There’s a lot of evidence that related to levels of education and you can have the

educational system. There’s statistics there that if you wait to have a kid until you got

your undergraduate degree then the world population would actually go down.

C: Yeah, I mean but that’s only if people actually get an undergraduate degree right?

F: Right right but that’s as an example (gesturing more). Basically every, every piece

of knowledge helps to kinda...

C: Yeah but everyone with an undergraduate degree uses much much more energy

than people who work in fields after dropping out of sixth grade... I mean I don’t think

there’s... I mean we don’t have that kind of energy resources to do that with seven

billion people...there’s just no way to deal with global warming... (Other Value)

Both D and F start talking

D: Right besides that....(gestures for F to continue)
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F: but just as a, just....increasing knowledge basically of you know...how to.... (gestures

back to D)

D: So statistically...I agree with ‘C’ that well ok I mean but not everyone is going

to have these undergraduate degrees, but on the other hand something else that was

mentioned in our reading (gestures towards own computer) is that more and more

women have job opportunities and it seems to be heading in the direction it seems of

equal pay for equal work... (Other Value)

Characteristic markers of the group frame

The markers that help to characterize this frame are representative of a change in the discussion

atmosphere felt by the participants. The behaviors are reflective of this, with faculty noticeably

shifting positions in their seats, gesturing more, and avoiding eye contact. The tone of voice tended

towards nervous, with participants getting caught up in phrases. More significant pauses take place

between points in the discussion, with participants appearing less confident in their speech.

Considering then the arguments being made in this group frame, with particular attention to

the warrants invoked by the participants. The discussions of this group tended towards personal

anecdotes of the participants. This would often take the form of discussions starting from discus-

sion topics that participants relate to their field expertise, to more personal anecdotes. The values

invoked in this group frame are reflective of this. The category of values invoked in this frame

follows the ethical category as described in Section 2.1.3. These values are more personal for the

participants, considering their background with the topic. The warrants of the participants in this

group frame reflect the values invoked by the participants. The way participants shifted towards

personal anecdotes to justify arguing for or against the claims made during the discussion.
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3.5 Discussion

3.5.1 Group epistemic frames of value-laden discussions

The methodology described in Section 3.3 was informed from established literature24;25;84. We pre-

sumed in this study that a methodology shown to identify epistemic frames of group interactions

for students would also identify frames for faculty. The notable difference between the student

interaction and the faculty interaction is the level of expertise. In epistemic frames and framing lit-

erature, this difference is quantified in epistemic complexity and ultimately shows in terms of how

quickly experts navigate through an activity70. The fellowship sessions consisted of value-laden

discussions, so elements of these discussions were added as markers used to identify group frames.

In particular, identifying the values invoked by the participants and the warrants invoked provided

additional opportunities for understanding the way that the participants were making sense of the

present discussion. Considering each of these markers as individual epistemic resources22, we

then identify the resources that are activated, or suppressed, by the participants as they collectively

make sense of the discussion. The way this network of epistemic resources is activated by the

collective participants is consistent with what has already been done in previous studies80. The

collective ‘making sense’ of the present activity identified in previous studies is not a methodology

intrinsic to those particular contexts. The group frames identified in this study also exist within

defined boundaries, exhibiting particular characteristic markers that include the warrants and val-

ues invoked by the participants. With this in mind, we conclude that this adapted methodology is

suitable for identifying group epistemic frames for faculty discussions.

3.5.2 Group epistemic frames consistent with known frames

The group frames in this study were identified in the context of faculty value-laden discussions.

Other epistemic frames and framing experiences have been applied to multiple contexts. For exam-

ple, the frames identified by Chari et al. (i.e., Conceptual Physics, Algorithmic Physics, Conceptual

Math, and Algorithmic Math) were used in the context of student and instructor understanding of

upper-division physics problem-solving23. Modir et al. then considered how students navigate

46



these 4 frames, particularly in upper-division quantum mechanics courses84. As frames transcend

the context they were first identified, we then wish to examine significant similarities and differ-

ences with the established frames in Physics Education Research. For many of the frames and

framing experiences, the named frames often follow a naming convention consistent with those

particular contexts, such as the Conceptual Math Frame from Chari et al.23 and the Physical Map-

ping Framing Experience of Bing & Reddish22. The group frames identified in this study are

heavily based on group faculty discussions, so the comparisons made to past frames and framing

experiences include characteristic markers and the general framing experience itself.

The Facilitator Frame is similar to what we might expect from a lecture-style situation. A

participant in the discussion takes the central speaking role for an extended time (i.e., on the time

scale of minutes), and the rest of the participants recognize that the speaker has a certain expertise

in the discussion. This can be seen as the non-speaker participants ask questions of the speaker or

make notes of what the speaker is saying. Most often, this group frame centers around the Moder-

ator as they introduce a particular topic. This framing experience, and the situation as a whole, is

reminiscent of students engaging with lecturers or Teaching Assistants. A notable comparison is in

the TA Frame identified by Scherr & Hammer. In this frame, the behaviors of the students include

sitting up straight, making eye contact with the TA, and reducing gestures. The expectations of the

students in that frame include that attention belongs on the TA and rehashing thinking24.

The Sharing Science Frame is a group discussion frame with high levels of participant en-

gagement. In the fellowship discussions, instances of particular subject matter naturally identified

participants with more experience and those with less. These discussions evolved into instances of

those ‘more expert’ participants highlighting any personal insights connected to the present topic.

The response of other participants took several paths, with some remarking with surprise on the

way particular disciplines considered the topic or relating to their anecdote, potentially from a

different discipline. This collaborative framing experience is similar in nature to the Discussion

frame also identified in the Scherr & Hammer study. In this frame, students gestured more, were

more animated, and made more eye contact. They expected that peers would be watching and

want to understand the present activity, sustained emotional and/or intellectual engagement, and

attention belonging to peers24. We find similar characteristic markers in the group frame of this
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study, where the participants were leaning forward, actively following the discussion as it changed

speakers, and speakers gesturing to other participants to acknowledge what had been said. The

expectations of the participants in these fellowship sessions focused on learning from one another

and sharing their experiences.

The Arguing Claims Frame is another discussion-focused frame, but one that is more difficult

to directly compare to the established frames and framing literature. In the Joking frame from the

works of Scherr & Hammer, behaviors of the students included fidgets and unsettled gazes, and

the expectations included embarrassment and a perceived vulnerability24. Critically, the students

experiencing this vulnerability are often supported by the other students in the group to reassure

and support them. In the Arguing Claims Frame of this work, we identify similar characteristic

markers of faculty appearing uncomfortable, shifting in their seats, or appearing to disengage from

the discussion. A noted difference here is where the support of each faculty comes from, where

faculty appear to choose sides of the arguments. The level of engagement in this group frame is

also mixed, with some segments seeing higher engagement levels with many faculty speaking and

engaging the discussion, or times when nearly half of the faculty engage.

3.5.3 Group frames productive for ethical interventions

Considering the engagement levels of the faculty discussions, we identify 3 distinct levels: low

(1-2 faculty), medium (3-4 faculty), and high engagement (5-7 faculty). The Facilitator Frame is

characterized by low group engagement, where one participant is primarily leading the discussion

by themselves. The Arguing Claims Frame has mixed engagement, depending on the context of

the discussion, and the Sharing Science Frame with high engagement, where all participants are

often engaged in the discussion. Part of the motivation for the Goals and Values in Science project

is to consider the impact that value-laden discussions have on someone’s ethical decision-making.

Another study of this project established that value-laden discussions have an impact on ethical

decision-making21. Two of the group frames identified in this study are partially characterized

by the values invoked by the participants in each segment. In particular, the Arguing Claims

Frame considers moments when the participants invoke more ethical values. An avenue of further
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analysis considering this work is how participants shift into group frames. If we presume that

group epistemic frames where participants invoke ethical values have an impact on the ethical

decision-making of the participants of the intervention, then understanding how to promote faculty

to engage in these epistemic frames becomes the next step of this work.

3.5.4 Disjointed and mixed group frames

The segments found in this study were grouped by characteristic markers to determine the group

frames. The three group frames discussed in Section 3.4 were determined using the majority

of segments found, but not all segments were used to determine these group frames. A critical

element of identifying epistemic frames for group activities is the basis that stability of the group

frame is built on the participants contributing to a single network of activated epistemic resources.

Where the participants share an intuition towards making sense of the situation at nearly the same

time24;73;80. The three group frames all share characteristic markers that show strong evidence for

the epistemic resources being activated in a coherent network during these framing experiences.

We additionally identified segments that do not exhibit this type of cohesion in resource activa-

tion. An example of this could be a segment of fellowship discussion where half of the participants

in the room are in a Sharing Science Frame and the other half of the participants are in an Arguing

Claims Frame. The characteristic markers in this segment reflect these two frames, with character-

istic markers of the segment reflecting both group frames. Segments like these present interesting

opportunities for further analysis into the ways that faculty engage in group discussions when not

seemingly aligned in goals.

3.5.5 Study limitations

The information found from the study provides a starting opportunity for understanding group

frames. We identified discrete segments that lasted for an average of seven minutes each. These

time frames are in line with the established literature. However, this does not mean that different

frames could exist within the scope of different identifying criteria not described above. The char-

acteristic markers used are built from the ways that the participants behaved and argued through
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the discussions as a group, and these markers could be different for other types of value-laden

discussions.

The participants involved in this study also do not represent all types of faculty scientists. We

had a relatively diverse set of disciplines within the fellowship, but having very few numbers of

each discipline. While this is acceptable for generating preliminary hypotheses regarding the epis-

temic frames faculty use in ethics-focused discussions, a robust understanding would require a

larger number of participants across different institutions and career stages to get a better under-

standing of how each discipline regards the different discussions offered by the sessions.
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Chapter 4

Investigating the structures of physics

graduate education

4.1 Motivation and outline of this chapter

The concerns of graduate education in physics are well-established, some dating back to the early

20th century. Investigations of student difficulties and institutional barriers have promoted promis-

ing advances in understanding the varied experiences of graduate students. A more holistic review

of graduate education has been done nationally for STEM disciplines, but one has not been specif-

ically done for physics. In this study, we are interested in beginning this holistic review starting

with the explicit requirements and practices described by the physics departments across the coun-

try through a lens of structural analysis. The research questions to help guide this investigation

are:

• What are the common structures of physics graduate education?

• How can graduate physics programs be informed by identifying these structures?

To accomplish this, we center the analysis of Structures as the vehicle of investigating the

different practices in physics graduate education in Section 4.2. Section 4.3 discusses the process

of gathering and analyzing public documents used for this study. The identified structures are

described in Section 4.4, each with the different requirements as described by the physics graduate
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departments themselves. Section 4.5 will then consider the impact these structures have on physics

graduate education in concert with the established literature.

4.2 Structures of physics graduate education

The focus of this study centers a structure-deficit model of physics graduate education. The studies

listed above highlight long-standing concerns with graduate education such as candidacy exams

and the dissertation. An element of these concerns includes the effect that these concerns have on

both the graduate students and the system of graduate education itself such as student retention.

We propose then, that there exists an environment of graduate education with elements in this

environment such as candidacy exams. In this way, we identify an environment just as Cotner &

Ballen determined in the classroom and Webb & Paul determined for a physics course105;107. In

this environment of physics graduate education, we additionally presume that the elements of this

environment have a significant impact of the participants. For example, an established and known

element of graduate education is candidacy exams. This element has shown to have significant

impact on student experiences and retention. In the model of structure-deficit, the candidacy exams

is an element of the physics graduate environment that impacts the students. We then identify these

elements of physics graduate education as individual structures of the environment. In a structure-

deficit model, these individual structures each impact a student’s experience.

4.2.1 Source of structures

The structures of a physics PhD for this study involves two systemic parts: the graduate college of

the institution that offers a graduate degree, and the physics program of that same institution. The

graduate college is often a separate entity with its own regulations and guidelines. The graduate

college must establish regulations for all necessary departments and determine what requirements

are necessary for all graduate students of all relevant disciplines. Those requirements and expecta-

tions are then disseminated to the individual programs. We then consider the department, physics

in our case, as the other major entity in this study. The physics department has primary control
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over monitoring the progress of its graduate students. The program itself serves as the primary

provider for graduate requirements for its students, with the institution’s graduate college serving

supplementary requirements when needed. The interaction of program requirements with the reg-

ulations of the associated graduate college is the full extent of the available information for this

study.

4.3 Methods

4.3.1 Data collection

To understand the diverse graduate program requirements, we first need to determine what the pro-

grams across the country consider requirements for their graduate students. The American Institute

of Physics (AIP) has collected information from physics programs in the United States for decades.

This information has historically been collected and self-published each year, with most current

forms of this data hosted on the AIP-owned website GradSchoolShopper (https://gradschoolshopper.com/).

GradSchoolShopper additionally contains a list of the programs across the country that grant grad-

uate degrees in physics. The authors accessed and collected the list of programs in the spring of

2023. This list includes all PhD and Master’s programs, including interdisciplinary degrees such

as biophysics, medical physics, etc. The total number of programs identified in this list was 275.

To identify program requirements for the Physics PhD, we limited the full dataset to include only

those institutions. This brought the number of institutions in the dataset to 190. In the interest of

determining diversity in the results of this dataset, we elected to additionally constrain the list, ex-

cluding those programs listing a subject other than solely Physics. This includes programs named

Applied Physics, Biophysics, Astrophysics, etc. The remaining programs available for analysis in

this study to 181 PhD-granting institutions.

To efficiently collect data from each institution, we used publicly available data. Utilizing

public data allowed for easier and faster access rather than interviewing multiple faculty at each

institution, and uses the data most readily available to prospective and current students. We prior-

itized the use of handbooks released by each department. When the handbook was not present or
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provided insufficient information on requirements, we supplemented information from the website

of the department. We further sought the graduate handbook of the institution’s graduate college

when information was limited in the physics department, or directly referenced the graduate col-

lege for more information. We collected information from each data source based on the definition

of program requirements outlined above.

4.3.2 Document and thematic analysis

A process of Document Analysis and Thematic Analysis was adopted to read, analyze content,

and interpret the information present in the data88;119;120. We expected a number of categories

to be present in this study. The work completed by Donkor & Harshman88 established a set of

known categories present in chemistry graduate education, alongside the present understanding of

the authors’ participation in graduate programs helped to develop a set of categories. We began

with a pilot group of five programs, holding extensive discussions between the authors on the data

as we read and cataloged it into the established categories. We additionally accounted for different

practices present in the data by adjusting the groups of categories and adding subcategories when

needed. For example, the inclusion of core courses used as exemptions to reach candidacy was

due to their presence in the data. In this way, we adjusted the set of categories to account for

these emergent practices when they were persistent in the data. To ensure consistency in the data,

different practices were marked in the data whenever encountered and discussed among the authors

to determine if the practice is a suitable requirement for the study based on the definition listed

above.

The resulting categories used for the remainder of this study are based on the full data set.

The requirements fall into 10 structures, including: Core Courses, Elective Courses, The Compre-

hensive Content Exam, The Research Readiness Exam, The Dissertation, Supervisory Committee,

Annual Reports, Training Modules and Courses, Teaching Assistant Requirement, and Presenta-

tions of Research.
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4.3.3 Calculating inter-rater reliability

The coding process was shared between 5 individual coders. At the time of introducing another

coder, we taught the coding process through inter-rater reliability (IRR). Three authors chose 12

institutions to code. Fleiss Kappa was used to determine the rater agreement during the initial

discussion of the codes for each institution121. The metric determined between the three coders

was measured as 0.652. Landis & Koch determined that this level of agreement is substantial122.

Discussions were held to ensure 100% agreement among coders before the final codes were entered

into the data sheet for this study.

4.3.4 Data limitations

The results of this study are based on public data. We prioritized graduate handbooks for each uni-

versity, but necessarily used the websites if the handbooks were not available or proved insufficient

for data collection. By using this type of data, we acknowledge that what is listed in the public data

may be inconsistent with what is actually practiced at each university. We further note that while

true, any inconsistency may be difficult for aspiring graduate students attempting to find credible

information from a prospective program.

The coding for this study took place over a calendar year, with several authors acting as coders

for the dataset. Several instances of teaching the coding process took place, with many discussions

during that time frame to work through difficulties or questions about institutional language and

codes. A significant portion of the coding was done individually, with one person responsible

for one institution at a time. With internal efforts to ensure that discussions helped preserve the

integrity and validity of the data being coded, there exists a possibility that the codes may be

incorrect.

4.4 Results

This section will describe both the common structures identified by the analysis of 181 physics

graduate programs and the requirements of each structure. We will define each structure and
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requirements, and list the number of institutions with explicit mention of each requirement. At

this time, we will again highlight that the number of institutions in this section is those that had

language of the requirement. Each section will additionally highlight notable elements of each

structure.

4.4.1 Courses

Courses involve two structures: Core Courses and Elective Courses. Each structure has a number

of requirements as outlined above in Tables 4.1 and 4.3. A common requirement that concerns

both structures is the Grade Point Average, hereafter G.P.A. 142 institutions require students to

maintain a certain G.P.A., with 129 institutions requiring a 3.0. We identify little variation in this

number, with two institutions requiring a G.P.A. under 3.0, eight institutions requiring a G.P.A.

over 3.0.

Core Courses

The Core Courses structure identifies requirements surrounding the courses required by all gradu-

ate students in each program. These courses were identified by the programs as ‘Core Courses’, or

named as courses that every graduate student must take. The Core Courses structure has 8 require-

ments. The number of institutions that have these requirements is shown in Table 4.1. First, we

consider the total number of courses required. We determined this by summing the list of courses

from each program. 168 programs specifically list the courses required by students, with 114 pro-

grams also specifying how many credits each course has. The range of total core courses required

was between 0 and 12, with an average of total core courses required being just over 7. Notably, the

remaining programs provide alternative ways for students to take courses, such as students work-

ing with their advisors on which courses to take. The G.P.A. of a program is a common, known

requirement in education at all levels. 6 programs in this data require students to maintain certain

grades related only to the core courses. If students are expected to finish all of their core courses by

a particular year or semester/quarter, 9 programs have a Timeline requirement. The core courses

are often required by name, with 173 programs requiring specific subjects for core courses such as
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Requirement # Description
Total Number 168 The total amount of core courses required
Credit Hours 114 Number of core course credit hours required
Grade Requirements 6 Grade requirements specifically for core courses
Timeline 9 Expected semester or year when all core courses

should be complete
Subjects 173 The required subjects of the core courses when named
Substitutions for Sub-
Discipline Courses

16 Courses offered that follow specific sub-disciplines in
the program in place of the required course

Options from List 32 Students allowed to choose a subset of available
courses

Course Outside Department 9 Option for students to take courses outside the physics
department

Table 4.1: The requirements of the Core Courses structure. Each structure includes the require-
ments and a brief description of the requirement determined during the coding process.

Quantum Mechanics or Statistical Mechanics. We identified some notable breadth in the subjects

of core courses. Table 4.2 shows the most common subjects, with Graduate Seminar being the last

shown in the table as the number of institutions requiring subjects after this is required by 10 or

fewer institutions. Another element of subjects involves how many times the subject is required.

For example, if an institution requires Quantum Mechanics I and II then we would count Quan-

tum Mechanics as a subject that is required twice. Table 4.2 also shows the number of times each

subject is required.

While programs list a particular number of subjects students need to take, there are some no-

table exceptions. 16 programs also allowed students to switch a common core course for an alter-

native that is more aligned with their particular research interests. For example, students may be

able to substitute Quantum Mechanics 2 for another course like Solid State Physics. 32 programs

allowed students to choose from a particular list of core courses, and 9 programs allowed students

to choose a course outside the department to satisfy a core course requirement.

From this structure, we identify some notable findings. First, from the common subjects, we

find that there appears to be a consensus for what physics graduate programs consider to be the

core courses. Classical Mechanics, Electrodynamics, Statistical Mechanics, and Quantum Me-

chanics are required by more than 70% of the 173 programs that specify the subjects graduate
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Table 4.2: Most common subjects for Core Courses. The total number of programs that require
that subject (T) is given, as well as a breakdown for the number of semesters/quarters (N). For
example, 39 program required one semester/quarter of Quantum Mechanics, and 117 program
required two semesters/quarters.

Subjects N = 1 N = 2 N = 3+ T
Quantum Mechanics 39 117 5 161
Statistical Mechanics 147 8 0 155
Electrodynamics 74 73 2 149
Classical Mechanics 121 6 0 127
Math Methods 54 15 0 69
Graduate Seminar 18 6 11 35
Other 112 7 3 122

students must take. Alternatively, outside these four common subjects, there is little consensus on

the other courses that students should be taking in their programs as core courses. We identified 41

distinct subjects of core courses in this study, with many falling in the ‘Other’ subject in Table 4.2.

Additionally, 117 programs require 2 instances (i.e., 2 semesters or 2 quarters) of Quantum Me-

chanics, significantly more than the 39 programs that require 1 instance, or the 5 programs that

require 3. Electrodynamics, alternatively, sees the number of times the course is required nearly

split between 1 and 2 instances. With this in mind, we find that there is a consensus on how much

Quantum Mechanics students should be taking, but no consensus on how much Electrodynamics

students should be taking. At this point, it is not clear how much the programs that operate on

Quarter timescales are affecting this. 18 programs in our data are operating on Quarter timescales,

and the amount of influence these programs are having on this data is subject to further analysis.

Elective Courses

The Elective Courses structure identifies the requirements of courses after the core courses. These

courses are often described as an opportunity for students to expand the breadth of their physics

content knowledge. The 8 requirements of the 129 programs that mention the elective course are

listed in Table 4.3 and reflect this ambiguity. These courses are not listed by name, and are not

courses that every graduate student in the program is taking. Instead, the language surrounding the

elective course structure considers a number of courses or credits that students are expected to take.
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We see a near-even split in the number of programs that list the number of elective courses required

for the degree at 63, and the number of elective credits required at 64 programs. To determine the

potential variable number of courses required by the programs, we needed to convert the number of

credits required to the number of courses. Many institutions specify the number of credits a course

is associated with. We used the number of credits per course as a way to convert the number of

credits required to the number of courses required. Doing so reveals that the range of the number

of elective courses required is between 1 and 13, with the average number required at just under 4.

Some requirements are similar to the Core Course structure. 2 programs in the data specify that

students need to maintain a particular G.P.A. in specifically the elective courses, and 4 programs

describe when the electives should be finished. The remaining requirements reflect the nature of

the structure, where students have more freedom in choosing the courses that expand their breadth

of physics content knowledge. 24 programs provide students with different courses aligned with

particular physics sub-disciplines, such as astrophysics or high energy physics where students can

choose classes. 6 programs also allow for students to partially satisfy this structure through courses

outside the department. In keeping with the motivation to have students expand their breadth of

content knowledge, 9 programs require students to choose elective courses that are aligned with the

students’ chosen research sub-discipline, whereas 8 programs require students to choose courses

that are not aligned with those research interests.

4.4.2 Candidacy Exams

The process of reaching PhD candidacy is one all graduate students go through. We have identified

two structures that impact the process of reaching candidacy: the Comprehensive Content Exams

and the Research Readiness Exam. Several requirements span both structures. First is the grading

element of candidacy exams. At the time of this study, we identified grading associated with

students reaching candidacy, but not particular grading schemes used for either structure. Similarly,

we identified when students were expected to finish all candidacy exams. 116 institutions have

language to inform students when they expect candidacy exams to be taken. The process of PhD

Candidacy often involves multiple forms of exams for many institutions. Each structure has 2
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Requirement # Description
Total Number 63 The number of courses required. Does not include

research credits
Credit Hours 64 Number of course credit hours required
Grade Requirements 2 Grade requirements for courses
Timeline 4 When courses should be taken
Options from List 24 Students allowed to choose a subset of available

courses
Course Outside Department 6 Option for students to take courses outside the physics

department
Course Aligned with Re-
search

9 Students to choose courses aligned with the research
field

Course Not Aligned with Re-
search

8 Students to choose courses not aligned with research
field

Table 4.3: The requirements of the Elective Courses structure. Each structure includes the re-
quirements and a brief description of the requirement determined during the coding process.

Table 4.4: The two structures of Candidacy Exams are Comprehensive Content Exams and Re-
search Readiness Exams. Each structure has 3 formats: written, verbal, or both. We identified 10
distinct ways that programs use different formats of each Structure listed in this table. For example,
7 programs require students to take both formats of the Comprehensive Content Exam and only the
verbal format of the Research Readiness Exam.

Research Readiness Exam
NR Written Verbal Both

Comprehensive
Content Exam

NR 0 21 35
Written 9 0 53 36
Verbal 0 0 4 5

Both 4 0 7 5

formats, written and/or verbal. We identified a variety of combinations in the ways that institutions

require these different structures. For example, an institution may require a written Comprehensive

Content Exam and a verbal and written Research Readiness Exam. This is one combination of

the 15 possible that can be made with each version of the structures available. The number of

institutions utilizing each combination can be found in Table 4.4.
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Requirement # Description
Subjects 86 Subjects covered in exam
Number 85 The number of exams required in total
Written Exams 114 Written Exams
Verbal Exams 25 Verbal Exam
Timeline 116 When students should take all exams
Grading Scale 12 Grading scale used for exams
Number of Attempts 84 How many times the student can take the exam
Exemption through Courses 18 Option for student to bypass candidacy requirement

through a course
Early Attempt 5 Option for student to complete a requirement for can-

didacy at start in graduate career

Table 4.5: The requirements of the Comprehensive Content Exam structure. Each structure in-
cludes the requirements and a brief description of the requirement determined during the coding
process.

Comprehensive Content Exam

The Comprehensive Content Exam is the structure that determines the requirements of Candidacy

Exams that assess a student’s knowledge of physics content. This assessment can be done in the

form of a written and/or verbal exam. This structure has 9 requirements. The number of institu-

tions with these requirements is listed in Table 4.5. Considering first the two formats, 114 programs

require a written form of this candidacy exam. 85 programs specify the number of exams that stu-

dents will be taking, and 86 programs specify the particular subjects. The subjects mentioned are

listed in Table 4.6. We combined subjects with similar-sounding names, such as ‘Particle Physics’,

‘Atomic and Particle Physics’, and ’Nuclear and Particle Physics’, as the particular subtleties of

each subject were not captured in this study. Other instances of combining subjects occurred be-

tween ‘Electrodynamics’ and ‘Electromagnetic Theory’, and also between ‘Classical Mechanics’

and ‘Advanced Dynamics’, as this was something done in the process of coding the core courses.

14 programs also defined that the level of the subjects in the exams would be at ‘upper undergrad-

uate to lower graduate’ levels of physics content knowledge, and 12 programs defined the grading

scale that would be used for the exams. 25 programs required a verbal form of this exam structure.

The general description of this exam type placed students verbally working through problems on

a board in front of a committee of faculty who would ask them questions that may involve the
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subjects in Table 4.6. Students were generally expected to advance through this type of candidacy

by the first or second year, with 116 programs specifying when the student would be expected to

pass the exams. 84 programs gave students a particular number of attempts to pass this structure,

with 2 attempts being the most common, in 65 programs. 5 programs allowed students a chance to

take the exams early in their career with no penalty to them if they did not pass. 18 programs al-

low students to bypass this candidacy structure through the student passing particular core courses,

where the subject of the core course aligns with the subject of the exam.

Table 4.6: The subjects of the comprehensive physics content exam mentioned in the data. The
subjects required in this structure were mentioned by 86 programs.

Subject N
Electrodynamics 86
Quantum Mechanics 86
Classical Mechanics 82
Statistical Mechanics 76
Special Relativity 13
Atomic / Nuclear / Particle Physics 13
Mathematical Physics 9
Modern Physics 8
Thermodynamics 5
Optics 2
Solid State Physics 2
Computational Physics 1
Astrophysics 1
General Physics 1

From this structure, we identify a few notable findings. First, the primary mode of assessing

the physics content knowledge of the structure is done through a written examination, with the

verbal form of the exam being uncommon at only 25 programs. Similar to the findings of the

Core Course structure, the consensus of assessing a student’s content knowledge is centered on the

subjects of Classical Mechanics, Quantum Mechanics, Classical Mechanics, and Statistical Me-

chanics. Something interesting is how some programs describe that graduate students should have

a particular level of physics content knowledge, near the level of ‘upper-division undergraduate to

lower graduate’ of these courses.
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Research Readiness Exam

The second structure of candidacy exams is the Research Readiness Exam. This structure assesses

the way that a student is conceptualizing the research area they are interested in. This structure

can also be done in a written and/or verbal format. This structure has 6 requirements. The number

of institutions with these requirements is listed in Table 4.7. The common form of this exam

is verbal, often given as a public talk in front of the Supervisory Committee, as described by

the 166 programs that require it. The most common version of this candidacy exam is a thesis

proposal or dissertation proposal. The student proposes the research they expect to conduct for

the dissertation, based on their present understanding of the topic, any progress they have already

made towards the dissertation, and where their work sits in the literature of that topic. We note

here that while this is the common conception of this exam, the way it is discussed in the data

varies significantly. We identified 17 different naming conventions for this structure, including

Dissertation Proposal, Prospectus, The Qualifying Exam, and Diagnostic Evaluation, to name a

few. The focus of the exam is similarly varied. While the student presenting work towards the

dissertation is the most common focus, there are other forms, including a Literature Review of the

topic of interest, a separate Research Analysis that is separate from the student’s interest, or the

student conducting a stand-alone research project determined by their committee. 59 programs

describe the focus, although briefly, of the exam structure using language around these naming

conventions. 81 programs additionally require some written element of this structure, where 31

programs establish a particular requirement for the written portion, which ranges between 5 pages

to 20 pages. 116 programs specify a particular time frame that the students need to pass this exam

structure by, often by the end of their second or third year. 12 programs additionally impose a

grading scale for this structure.

Findings to highlight from this structure include the strong consensus that programs are inter-

ested in students presenting some amount of research a few years into their education. The subject

matter or focus of the assessment leans towards students presenting a proposal of the work they

will conduct for the dissertation, which is not as universal as the practice itself. There is an inter-

esting variety in the operationalization of this structure, particularly between students presenting a
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Requirement # Description
Written Exam 81 Written Exam
Verbal Exam 166 Verbal Exam
Timeline 116 When students should reach candidacy
Grading Scale 12 The grading requirement used
Focus 59 The purpose of the exam. This includes the subject
Length 31 Length of report or talk for the exam

Table 4.7: The requirements of the Research Readiness Exam structure. Each structure includes
the requirements and a brief description of the requirement determined during the coding process.

dissertation proposal and presenting on a subject that is fully distant from their research interests.

Further analysis to highlight the different ways that programs implement this type of candidacy

exam may help highlight what programs value in this assessment. Another particular element of

this structure is the intersection of the written and verbal types of this exam. In the case of the

written form, it is always tied to the verbal format. There are no programs identified in this data

that only require a written form of the structure.

4.4.3 The Dissertation

The Dissertation is the culmination of years of student research and progress towards becoming

a subject-matter expert. It is the most recognizable structure in graduate education, yet it only

has 3 requirements. The number of programs listing each requirement is shown in Table 4.8. All

181 programs in this data set contain language of the dissertation, but offer no further explanation

of the purpose of the document and little information about how the writing of the dissertation

is done. The little information found in this study on the dissertation refers to the practice as a

reflection of the student’s ability to do independent research. For many programs, the discussion

of the dissertation in the data considers the forms necessary for the program’s Graduate College.

A requirement that ties to the dissertation concerns the 70 programs that list Research Credits tied

to the dissertation by name. The only other requirement of this structure is the time frame that

programs expect students to defend their dissertations by.

The most notable finding of this structure is the lack of direct information about the dissertation

itself. For a document that concerns years of research progress by the student, it is interesting that
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Requirement # Description
Research Credits 70 Credits named with connection to research connected

to the dissertation
Naming 181 Formatting or presenting the dissertation
Timeline 61 Expectation of when the dissertation should be de-

fended

Table 4.8: The requirements of the Dissertation structure. Each structure includes the require-
ments and a brief description of the requirement determined during the coding process.

Requirement # Description
Number of Faculty 99 Number of faculty required for committee
Types of Expertise 52 Specifics of expertise of the committee members. In-

cludes whether members need to be outside student’s
research sub-field or physics department

Table 4.9: The requirements of the Supervisory Committee structure. Each structure includes the
requirements and a brief description of the requirement determined during the coding process.

there is little about the writing and expected content of the document. For some programs, there

is explicit language stating it is up to the committee to determine the formatting and content of

the dissertation, or stating that the formatting must be in line with the regulations of the program’s

graduate college. Additionally, we note that the language for the dissertation of a reflection of the

student’s ability to do independent research has not changed significantly since the PhD was first

introduced in 1861 with language that the dissertation is an ‘exercise in scholarly research’? .

4.4.4 Supervisory Committee

The Supervisory Committee is composed of faculty who provide feedback to graduate students

during their candidacy process and the dissertation defense. This group also is the ultimate decider

in whether that student passes candidacy and the defense. This structure involves 2 requirements

involving what faculty can be considered part of the committee. The number of programs that have

each requirement is shown in Table 4.9

The Supervisory Committee is a graduate requirement that spans two separate parts of a grad-

uate student’s journey. It is named as its own structure, rather than Candidacy or Dissertation, as
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it spans both groups and, in many cases, subtly changes between the candidacy process and de-

fending the dissertation. The supervisory committee largely concerns forming an advisory group

to monitor a graduate student’s progress during graduate school. The members of the committee

include the student’s chosen advisor and several other faculty members. 151 institutions listed the

requirement for a Supervisory Committee, with 99 specifying the number of members required.

The average number of committee members needed for Candidacy was just under 4 members,

and the number of committee members needed after Candidacy for the Dissertation was just over

4. The expectations for these committee members often included when the group needed to be

formed, how many members, and what the composition of the group needed to be. 52 institutions

also require that one of the faculty members must be either outside the department, the research

group, or the research sub-field of the student.

4.4.5 Training Modules and Courses

In total, 42 programs had explicit training requirements for their graduate students, with some of

these programs having multiple training modules or courses. We identify 5 distinct requirements

for the training structure: Teaching Assistants (TAs), Ethics and RCR, Safety, Human Subjects,

and Hazardous Waste. The number of institutions listing each requirement is found in Table 4.10.

We find them distinct based on the outcomes of the training and the overall goal of this type. First,

concerns the training of TAs. This requirement included all opportunities for students to engage

with training in teaching and communicating physics to students, and the naming of the training

requirements often reflected this, including language like Pedagogical Training, Teaching Assistant

Seminar, or Teaching of Physics. The range of time commitment for this group was diverse, with

some acting as quick modules to be taken before semester started, to full courses taken for credit.

The expectations were often that the students would have opportunities to learn about techniques

for teaching and how to manage different situations. The number of institutions that explicitly

mention the mode of the training requirement is listed in Table 4.11.

The second requirement concerns training graduate students in ethical practices. This group

is largely concerned with training modules, sometimes outsourced to different groups, such as the
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Requirement # Description
TA Training 27 Pedagogy training related to teaching
Laboratory Safety 3 Safety training related to their research work
Ethics/RCR 26 Students to receive research ethics training
Other 1 Other training opportunities required by the depart-

ment

Table 4.10: The requirements of the Training structure. Each structure includes the requirements
and a brief description of the requirement determined during the coding process.

Table 4.11: The list of Training required from the total of 181 institutions. The table below includes
the different types of training required, with the ones listed as modules only in column 2, the ones
listed as full courses in column 3, ones not listed with a time frame in column 4, and the total
number of institutions with that training type, T, in column 5.

Requirement Module Course Unlisted T
Teaching Assistants 18 8 1 27
Ethics / RCR 17 5 0 22
Safety 1 0 1 2
Human Subjects 1 0 0 1
Hazardous Waste 1 0 0 1

CITI Program, to be taken online to satisfy the requirement. The subject of these training modules

is largely concerned with research ethics education, and more specifically with understanding the

9 core principles of Responsible Conduct of Research (RCR). In some cases, institutions require

students to take the online training modules from CITI as well as a full Pass/Fail course. In the

event that students do not pass this course, they are then required to take a course within the

Philosophy department at those institutions.

The third requirement is Safety. These training opportunities concerned training graduate stu-

dents in proper laboratory safety, including expectations in the lab, working with equipment, and

emergency protocol. The fourth is Human Subjects, which is primarily concerned with the safety

and privacy concerns of research concerning Humans, and the fifth requirement concerns the han-

dling and safety concerning hazardous waste. We identify these last three as distinct from the other

groups as they potentially link with research interests.

Notably, the training modules described by this structure tend towards more general graduate

education, such as the RCR training or TA training. We identified very few training requirements

67



Requirement # Description
Format 59 Written and/or presentation to committee
Destination 10 Department or college the annual evaluation is sent to

Table 4.12: The requirements of the Annual Reports structure. Each structure includes the re-
quirements and a brief description of the requirement determined during the coding process.

that may be connected with a student’s research activities. The more likely training requirements

of this structure that could be applicable for a student’s research development could be in Human

Subjects, Hazardous Waste, or Safety. However, both of these requirements are required by only

1 to 2 programs in this data, so it is not clear how widespread training is for physics graduate

students.

4.4.6 Teaching Assistant Requirement

This structure has only one requirement, whether a program requires all graduate students to be

TAs. Despite being largely accepted that many graduate students would be TAs, only 45 insti-

tutions formally require it as part of their graduate programs. In many cases, students may be

expected to be enrolled as Graduate Teaching Assistants (GTAs), but there are often opportunities

for students to begin research right away. We would again like to highlight that a limitation of this

study is the likelihood that the presented data may not match what happens at those institutions.

We additionally highlight that students who are interested in attending graduate programs likely

could not find any information about being a TA at that program.

4.4.7 Annual Reports

The Annual Report is a collective opportunity for faculty in the supervisory committee and pro-

gram to check student progress each year, with 59 institutions specifically mentioning the practice.

There are 2 requirements in this structure, and the number of programs listing each requirement is

shown in Table 4.12. These requirements include the destination of the report itself, including the

department or the graduate college. The students will continue to fill out these reports each year

until the defense of their dissertation.
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Requirement # Description
Venue 21 Location of presented posters or talks either in the de-

partment or outside
Format 28 Format of presentation including posters or talks

Table 4.13: The requirements of the Presentations of Research structure. Each structure includes
the requirements and a brief description of the requirement determined during the coding process.

The way that programs discuss the annual report varies. Students may present their progress

that year in a formal talk to the full committee, get feedback on that progress, and the report

is signed and sent to the department or graduate college. Often, this structure is described as

the student making a report to their committee each year, with no specifics on the formatting or

presentation of that report. Something of further analysis could be to investigate how programs

consider the value of the annual report and what function it serves in the development of research

understanding for the student.

4.4.8 Presentations of Research

The last structure concerns any presentation of research made by the student. This structure has

2 requirements that involve both the format and venue of the presentation. In the course of com-

pleting a graduate degree, students engage with research and may attend conferences, colloquia, or

workshops to present talks or posters. These kinds of presentations are fairly standard in the norms

of graduate education, yet physics graduate programs rarely require students to formally present

progress in research. The most common requirement of this kind is to have students present some

kind of work at a departmental colloquium, at 17 programs. We note here that the requirements of

students submitting papers for conference proceedings or presenting posters of any kind are very

low, at 2 programs. The last requirement of this kind we found was for students to be published

in an academic journal before defending. With the amount of writing, potentially, required for the

dissertation, we find only 7 programs requiring that students publish.
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4.5 Discussion

This study is aimed at addressing two aspects of physics graduate education. First, to determine

the variability of program structures in physics graduate education in the United States, and then

to determine how these structures inform varieties of approaches in graduate physics curriculum.

The structures of physics graduate education have an impact on both the graduate students and fac-

ulty. The ways these structures are coordinated as part of the graduate physics curriculum allows

us to understand the different approaches that programs across the country. In the framework of

structure-deficit, we identify that the present structures of physics graduate education as potential

barriers for students. This work will first discuss the holistic curriculum of physics graduate ed-

ucation built from these structures and then the way that particular structures interact with each

other.

4.5.1 The narrative of physics graduate education

The NASEM report identifies a process of graduate education as:

...while no two PhD experiences are identical, the PhD programs typical of many

STEM disciplines includes 1 to 2 years of discipline-specific coursework; perhaps

one or more years as a TA; the search for a dissertation advisory; which may or may

not involve a formal system of rotating through several laboratories; comprehensive

subject matter examinations; formulation and defense of a dissertation project; 3 to 7

years of mentored research supported by a combination of research assistanceship and

fellowships; writing the dissertation; and a final defense of the dissertation4.

The structures of physics graduate education described in Section 4.4 were determined based

on the data from 181 physics programs of PhD-granting institutions. We determined these struc-

tures based on the prevalence of each structure’s requirement in the publicly available data of each

program. Considering all structures together, many of them have requirements involving a partic-

ular time frame in which the structure operates.
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The Core Courses, Elective Courses, Comprehensive Content Exams, Training, and TA Re-

quirements structures have both explicit and implied characteristic requirements. For example, the

9 programs that have a timeline requirement for the Core Courses structure often require that stu-

dents finish their core courses within the first two years of their program. If we consider the first

two to three years of physics graduate education, we identify a strong emphasis on students gaining

physics content knowledge. Students are expected to take some particular courses or subjects in

physics. Programs additionally impose characteristic requirements that concern the courses, in-

cluding the timeline and grades required. Students move from general physics content knowledge

to more specialized content knowledge through elective courses. At the end of 1 to 2 years of

graduate education, many physics students take part in candidacy exams. A common structure of

candidacy exams is the Comprehensive Content Exam. The written format of the Comprehensive

Content Exam often focuses on physics content knowledge. The level described is often ‘upper-

division to lower graduate levels’ of physics content knowledge.

For many institutions, Candidacy also involves the student being assessed on their current un-

derstanding of research practices, such as writing and presentation of any progress they have made

in a research problem. The process of students becoming PhD Candidates often takes place 2-3

years into their programs. The time-sensitive requirements of structures after Candidacy are more

spread out. The annual report may include a yearly presentation of research to the supervisory

committee. The student may take research credits associated with the dissertation each year. The

last time-sensitive requirement is the maximum number of years a student can stay in their pro-

gram, coinciding with the defense of the dissertation. The requirements of the structures present

for PhD candidates tend towards research preparation for the dissertation. Part of the candidacy

process for many programs involves a presentation involving the student’s research, which con-

tinues to build each year, assessed each year by the supervisory committee, students engage in

research credits, until the student defends. The years following candidacy are also less universally

organized. Before candidacy, every student in a program likely takes the same courses, but after

candidacy, students move from the cohort arrangement of students towards engaging more fully

with their own research groups. To accommodate all possible research groups’ progress and norms,

the structure requirements reflect this accommodation.

71



The common structures identified in this study are representative of what the community ex-

pects from graduate education. Some noted concerns from the literature of graduate education

include the lack of preparation towards writing the dissertation89 and feeling not properly prepared

for the job market beyond graduate school28–30. Writing Courses are an uncommon requirement

in the common structure of Core Courses. Scientific writing was listed as a Core Course in 2 pro-

grams in the data. Scientific writing is a critical practice expected by graduate students in several

structures, namely the written format of the Research Readiness Exam and the Dissertation itself.

There are several practices, like writing or choosing a suitable research group, that are not com-

mon requirements in this dataset. In the apprenticeship model, the student, as the novice, gains

specialized knowledge and experience from the experts in the small learning community. If we

consider this model, the student would learn the particular norms of the research group they join,

and practices such as writing norms may be learned here. Understanding where students learn

these particular practices is an avenue of further analysis.

4.5.2 Considering how physics graduate programs prepare and assess stu-

dent progress

A critical element of physics graduate education is the training of graduate students towards be-

coming experts in their particular subfield. In this study we identify a divide in the way that physics

graduate programs consider between content knowledge and research preparedness.

The preparation and assessment of physics content knowledge

The beginning of many graduate programs emphasizes the preparation and assessment of physics

content knowledge. The Core and Elective Courses structures are well-defined and common in this

study. The vast majority of core courses are identified by name, and the requirements of the elective

courses are defined by the number of courses or credits required. If the courses are expected to

be taken by a particular time, the institution will specify that it done by the first few years. In the

handbooks and websites, the courses were often the first piece of information provided.

Often immediately following the information about courses in the data was the process of can-
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didacy. A major structure of candidacy is the Comprehensive Content Exam. The purpose of

this candidacy exam is to assess a student’s knowledge of physics content, often to the level of

‘upper-division to lower graduate’ understanding. It most often takes the form of several exams on

different topics, often covering the subjects of Classical Mechanics, Quantum Mechanics, Electro-

dynamics, and Statistical Mechanics. For those institutions where the subjects of the Core Courses

align with the subjects of the Comprehensive Content Exam, this provides an additional way for

programs to assess if students have received enough preparation to reach the level of physics under-

standing deemed necessary by the program. In any case where the program may require both Core

Courses and the Comprehensive Content Exam, further analysis will be needed to determine if the

Comprehensive Content Exam is redundant with the final exams of the required Core Courses.

The most common subjects of the Core Courses and Comprehensive Content Exam structures

fall into a classification of, say, ‘general’ physics. Where the program determines that every grad-

uate student in the program must be at to earn a PhD, accounting for different sub-disciplines in

physics research. The role of the Elective Courses, as sometimes described in the data, is to ex-

pand the students’ knowledge in breadth beyond these more general courses. The requirements

of the Elective Courses structure are also slightly different than the Core Course structure. These

requirements focus more on the number of courses or credits required, or by providing the student

a list of courses in particular sub-fields, like astrophysics or plasma physics, to choose from. These

courses allow students to become more specialized in the subfield, potentially aligned with their

research interests. It is currently unclear where this specialized knowledge may be assessed in

isolation from any research progress. The verbal format of the Comprehensive Content Exam is

not as clearly defined by the data, and may involve the committee supervising the verbal exam to

ask questions related to the student’s specialized knowledge. Another possible point where this

knowledge could be assessed is through the Research Readiness Exam. Depending on the format

chosen by the program, this may involve the student expressing any specialized knowledge during

the Candidacy Exam. Ultimately, any decision to have the student do so will be entirely up to the

Supervisory Committee.
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The assessment of research understanding

Physics graduate programs have a defined way to assess the progress students make in research

understanding but limited ways for programs to prepare students to gain this understanding. The

Research Readiness Exam is fundamentally an assessment of the progress a student has made

in research, either through a proposal towards the dissertation or a literature review of a topic

related to their interest. The ultimate assessment of the progress a student has made in research

understanding is in the Dissertation itself, reflected in the way the document itself is considered as

a ‘piece of scholarly work completed by a student’26. The Annual Report is a consistent way to

assess the progress a student is making between these two major milestones (Candidacy and the

Dissertation). The Annual Report is an uncommon structure in this data, so the breadth of ways the

Annual Report is implemented is not clear. As discussed above, the role of the student in graduate

education shifts from novice to expert researcher by the defense of the dissertation. The structures

of the Research Readiness Exam, Dissertation, Annual Reports, and the Supervisory Committee

all help to monitor the student’s progress toward the Dissertation Defense and provide feedback at

every level.

The assessment of research knowledge and progress is well established in physics graduate

education; the preparation and training for it is not. Within the common structure of Core Courses,

any requirements that may impact research progress, such as professional development, Research

Rotation, or Scientific Writing, are rare, with less than 10 courses identified. Additionally, the

uncommon structure of Training has limited requirements that could impact training. In particular,

the training in Responsible Conduct of Research takes multiple forms in this study. The overall

effectiveness of most forms of RCR training is questionable, and any lasting impact this training

may have on the training of Graduate Students is unclear. There are limited opportunities for

graduate students to be formally trained or prepared for the intensive research required for the

dissertation.
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4.5.3 The different assessment goals of candidacy exams

The two structures of Candidacy Exams appear to accomplish different goals, each providing bar-

riers for student progress. The Comprehensive Content Exam is an assessment of a student’s un-

derstanding of physics to a very particular level determined by the community and program. The

Research Readiness Exan is an assessment for programs to understand where the student is in their

understanding of research practices, and often the first explicit point of feedback for students from

their Supervisory Committee. There are two formats for each of the Candidacy Exam structures: a

written and/or a verbal type. We identified 10 distinct ways that programs in this data approach the

Candidacy process. An avenue of further investigation is to understand the value each way brings

to its program. The Comprehensive Content Exam is often the final assessment of more ‘general’

physics content knowledge, and the Research Readiness Exam is an opportunity for students to

receive feedback towards advancing their research towards the Dissertation.

Candidacy Exams are a noted point of concern in the literature. The student perception of

Candidacy Exams is often poor, often viewing the practice as little more than a trial by combat?

or as a means of ‘weeding out’ students97;98. The two structures of Candidacy in this study each

offer some troubling implications. The common subjects covered in the Comprehensive Content

Exam are also the common subjects of the Core Courses structure. This overlap may prove to be

redundant for some programs. Students are often required to maintain a certain G.P.A. in their

core courses, and to do so, must pass these classes through some course assessments. Those same

students may then be required to take another exam covering some form of those same subjects to

a satisfactory level. The Research Readiness Exam is largely an assessment of whether a student

is prepared for the work necessary for a dissertation. We identified some significant variety in the

way this structure is discussed in graduate programs, and often how little information may be given

to students about the preparation for this assessment, which may be encouraging this perception

of faculty apathy in preparing students86. Further analysis will be needed to make sense of how

the different paths of candidacy have been chosen by programs, how these candidacy exams are

meeting the goals of the program, and the impact that each path has on student progress through

their graduate programs.
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4.5.4 Aligning recommendations with structures of graduate education

Concerns of graduate education are well-documented, and the reports from NASEM propose rec-

ommendations that address those concerns are enumerated above. The National Academies pro-

poses recommendations towards building an ‘Ideal Graduate STEM Education’. The following

will be a cursory step towards understanding if the structures of physics graduate education can be

used to assess if programs are meeting the recommendations of this report. The two recommenda-

tions considered in this section are part of a list of 56 total recommendations for various levels of

graduate education. First,

Graduate departments should publicly post how their programs reflect the core com-

petencies for doctoral students, including the milestones and metrics the department

and individual faculty use in evaluation and assessment4.

The entirety of this study is based on public data that is posted by each department. Through

this data, we determined 10 major structures of physics graduate education with numerous re-

quirements. Clearly defined structures include Core Courses, Elective Courses, Comprehensive

Content Exams, and Training. Each of these structures has numerous requirements that are gen-

erally well-defined, such as the courses required or when the Comprehensive Content Exam must

be taken. Other structures are less clearly defined, such as the Research Readiness Exam or the

Dissertation, as discussed above. This public data is necessary for various groups to make sense

of the requirements and expectations of each practice from the department, which may be critical

for both students and faculty. A lack of critical information or guidance could make it difficult for

students and faculty to progress through particularly unclear practices.

Another recommendation from NASEM reads,

Institutions should integrate professional development opportunities, including rele-

vant course offerings and internships, into doctoral curriculum design4

In the structures of this study, we identified few requirements that could relate to the professional

development of students. In the Core Courses structure, we identified very few courses that align

with this recommendation. We did identify core courses such as Professional Development or Best
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Practices in College Teaching. These courses were not common in this structure, required by 5

programs or fewer per course. The socialization of graduate students towards becoming an expert

in their research interest is a pillar of graduate education. Students likely receive their profes-

sional development opportunities from their research groups and advisors. This model does not

currently allow programs to continue supporting the overall professional development of students,

particularly in the first few years of graduate school. Another element of this concerns the present

perception of the ‘job crisis’, where students are not feeling prepared for the jobs they take. In the

present structures, there are no explicit requirements that discuss the professional development of

students in terms of career exploration or preparation.

These two recommendations are only a small portion of the extensive list produced by the

report from NASEM4. By introducing these two recommendations, we find that the structures can

be discussed in this context; however, a more critical and thorough analysis of the way the present

structures align with these recommendations is needed to determine the strength of the present

graduate education system.

Recommendations to departments

In light of the structures present in this study being constructed from the public program require-

ments, we would like to propose our own recommendations.

First, physics graduate programs should articulate how requirements align with their learning

goals to both students and faculty. There are programmatic requirements of physics graduate edu-

cation that are well discussed, such as the courses required and the training, when required. Some

elements, such as the process of candidacy and the dissertation, are often not described in detail,

leading to well-established concerns from both researchers and graduate students. An analysis

of identifying the learning goals of graduate education has already been conducted in Chemistry,

finding that clearly stated learning goals allowed for departments to better align assessment tools

to those goals88. Doing so may help to reduce confusion among students and faculty, as seen in the

faculty perceptions of candidacy exams in physics47. Clearly stating these goals and potentially

aligning structures with those goals could articulate to students and faculty the expectations of the
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department for those structures and how they will be assessed.

Departments should ensure that there are structures in place to prepare students for significant

milestones. This model already exists for several structures in this study. Students gain significant

content knowledge and are assessed on that knowledge, potentially multiple times depending on

the structures of the program. Other structures may have limited requirements that prepare for

those assessments. We see this in the Research Readiness Exam, where this candidacy exam is

an assessment of research knowledge and understanding. There were a few requirements concern-

ing the research development of students, as they were often in uncommon core courses. Students

between candidacy and the dissertation are expected to become more expert-like in research under-

standing, but to the department, this can only be assessed by the annual reports and the dissertation

itself. Departments should consider what structures could be put in place to support the develop-

ment of research understanding for graduate students throughout their journey.

Departments should evaluate their doctoral curriculum to identify redundancies and where

structures may not be supporting one another. Graduate students in the first few years of a program

engage heavily with learning and being assessed in content knowledge. This content knowledge

may be assessed multiple times during the graduate student’s time in the program. Departments

should consider whether the assessments from the Core Courses structure and the Comprehensive

Content Exam structure are redundant. Additionally, there may be a disconnect between the pro-

cess of Candidacy and the defense of the Dissertation. In particular, programs should consider

if the assessments of the Candidacy Exams are preparing students for the work necessary for the

dissertation, or if some stronger connection could be made in terms of skills and knowledge gained

during candidacy that could be applied to the dissertation defense.
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Chapter 5

Physics graduate student retention and

degree completion rates

5.1 Motivation and outline of this chapter

Student retention is a common measure of the success of a program. Institutions greatly value

this measure, and national organizations such as AIP regularly publish retention statistics. At the

graduate level, the importance of retention is similarly critical. Retention at the institutional level

allows a program to begin understanding how the program is affecting its students, and promote

further investigations into the students’ experiences, ultimately towards increasing this rate. Previ-

ous studies of retention/attrition/persistence of graduate students have either focused on particular

students, or cohorts of students, or national information on graduate students. The mode of prior

methods has focused on modeling student retention while centering the experiences of the stu-

dents to determine reasons students may or may not persist in their programs. This study then

attempts to determine the feasibility of constructing measures of retention and completion rates of

physics graduate students for individual programs through enrollment and degrees awarded data.

The research questions that will be guiding this chapter are:

• Can a measure of yearly graduate student retention be built from student enrollment and

degrees awarded data?
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• Can a measure of degree completion rates be built from student enrollment and degrees

awarded data?

• Are these measures feasible for individual physics graduate programs?

Section 5.2 will consolidate the 20 years of AIP survey information towards the data used in

this study. The construction of each measure is described in Section 5.5, and the application of

these measures to national and institutional data is found in Section 5.6. The feasibility of these

measures is described in Section 5.7.

5.2 AIP survey data

The data for the entirety of this study comes from the yearly reports from the American Institute of

Physics (AIP)123. These reports represent the enrollment and degrees granted by each institution

in the United States. The information is self-reported from each institution, and the report states

both the total enrollment and degrees granted across the nation and from each school individually.

The data collected includes institutions ranging from exclusively granting bachelor’s degrees to

graduate degrees and certifications in physics, applied physics, medical physics, etc. This data

set provides a near population-level measure of graduate student enrollment and degrees granted

in the United States over the past few decades at an individual institutional level, providing a

unique longitudinal opportunity to study graduate student retention on a macro and micro scale.

While AIP regularly publishes analyses of this data to describe trends in enrollment and degrees

awarded123 in physics and astronomy, to our knowledge, such data is not used to measure retention

or completion rates in physics graduate education.

These reports have been collected and aggregated for decades, but for this study, we focused

on a 20-year window from 2000 to 2022. We collected these reports in the Spring of 2024 and

adjusted the growing data set to account for institutions adding or dropping the different degrees

awarded in physics, and those institutions that changed names between 2000 and 2022. The reports

each average around 750 individual institutions. We constrain this data set to cover institutions

granting graduate degree types. This would then exclude all bachelor’s-only institutions and those

that offer Master’s certificates or accelerated Master’s degrees, as those institutions may not have
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their graduate programs. Doing so reduced the full data set to 284 institutions. This full data set

includes 214 PhD-granting institutions and 70 Master’s-granting institutions.

5.3 Defining variables

This work intends to determine a retention measure and degree completion rates for physics grad-

uate students. The way that we define Retention, then, is the percentage of students present in

their department each year. Several factors impact this definition, including the number of students

being awarded their degrees and those entering the program. The Completion Rate of a population

of students includes the number of degrees awarded to a particular cohort, or set of cohorts, of

graduate students. This implies a time scale, where the number of first-year students is compared

to the number of degrees awarded some time later. The data from AIP is reported in the fall term

of each year, and this provides us with a baseline to compare the data from each survey year to

year. The data present in the study includes both the relevant information of each data point and

the time period of the collection.

The data that we are interested in includes the variables described in Table 5.1. In particular, we

are interested in 4 categories of data from the surveys. These categories include: Total Graduate

Students, First Year Graduate Students, Exiting Master’s Physics Degrees, and PhD Physics De-

grees. The time scales associated with these categories are also described in these roster surveys.

For example, in the data from 2022, the First Year variable (F2022) would consider the first year

graduate students who were new to the department in the Fall of 2022, as well as the students who

entered in the previous winter, spring, and summer terms. The only variable with no associated

time frame is the Total Student variable. We propose that the collection period for the Total Gradu-

ate Student variable takes place each fall, as it aligns with the collection period for the roster survey

itself, according to AIP and the solicitation for all programs. In addition to the data presented in

the survey, we propose an additional variable. We must account for the number of students who

are not enrolled between the Fall terms of two years. We name this variable Nn, where the number

of students, N , not enrolled in calendar year n.

Some notable limitations of these variable definitions involve the Master’s degree. The variable
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Table 5.1: Categories of student enrollment data from AIP survey data collected in Fall of each
year. Each variable described includes the specific demographic of students included and the time
period of collection used.

Variable Name Description
Fn First Year Graduate Student

Enrollment
Number of students who started Graduate
School in calendar year n.

Pn PhDs Awarded Number of PhDs awarded during the academic
year beginning in Fall of year n.

Mn Exiting Master’s Awarded Number of terminal Master’s degrees awarded
during the academic year beginning Fall of year
n.

Tn Total Graduate Students Number of Graduate students enrolled in Fall
semester of year n, including first year and de-
gree recipients.

Nn Non-Enrolled Students Number of students not enrolled by fall
semester of year n

Mn only considers the exiting Master’s degrees awarded. Any Master’s that a graduate student is

awarded en route to the PhD is not captured in any variables described in this study.

5.4 Time scales and counting students

The variables described in Table 5.1 include both the types of students included in each variable

and the time for which the information was collected. Something that must be done before building

any measure of student retention or completion rate is to ensure the variables for this study cor-

rectly account for changes in student populations each year, specifically for students who enter and

leave their program at different points in the calendar year. To check this, Figure 5.1 is a student

trajectory map that includes the Spring, Summer, and Fall terms of two calendar years (n− 1) and

(n). This includes students leaving the program each semester with degrees and not enrolling the

next semester, those continuing in their program between the two years, and the first year students

enrolled in each term. We place the variables from Table 5.1 in their correct collection periods on

the right side of this figure. An alternative view of the different time scales used in Table 5.1 can

be seen in Figure 5.2.

Considering both Figures 5.1 and 5.2, we propose that the change in the population of graduate
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Students 
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First Years

Calendar Year (n-1) Calendar Year (n)

Continuing 
Students
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Figure 5.1: A mapping of graduate student trajectories in their program across the Spring, Sum-
mer, and Fall terms of two calendar years (n − 1) and (n). The left includes the points when
students would be leaving their program through degrees being awarded and not being enrolled
between terms. It also includes the students continuing their program across these two years, and
those students enrolling in the program for the first time in each term.
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(Mn) Masters Awardedn
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(Fn) First Yearsn

(Pn-1) PhDs Awardedn-1

(Mn-1) Masters Awardedn-1

(Nn-1) Not Enrolledn-1
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Figure 5.2: A Gantt Chart of the Fall, Summer, and Spring terms of two calendar years (n − 1)
and (n). The variables used in their study are placed in their respective place in the Chart.

students is determined by considering the students persisting in their program, balanced with the

students entering and leaving. The students who persist in the program are joined by the first year

students who enter are different points in the year between Fall Terms. We define this balance in

Equation 5.1 utilizing the variables from Table 5.1.

Tn = Tn−1 − Pn −Mn −Nn + Fn (5.1)

5.4.1 Adjusting data for analysis

The analysis for this study is interested in developing measures of retention and completion rates

for both national and institutional data. The 284 graduate institutions of the dataset contain grad-

uate institutions that are both PhD-granting and Master’s-granting programs. Considering the 284

institutions between 2000 and 2022, there are 5667 points of data that are not filled in, equal to

22% of the total possible points of data. Master’s-granting institutions would not have any recorded

PhDs awarded for any years. The remaining points are not filled for reasons currently unknown to
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the authors.

We impose two different scales of data for this study. First, on the National Level, consider

the totals of each variable for every year. For example, if we wish to consider the number of PhDs

awarded in 2006, then we must total the PhDs awarded from all universities that reported this data

in 2006. Considering only the national data between 2000 and 2022 reduces the data to 92 points

of data, with 4 variables for each year. Next is the Institutional Level, which considers institutions

with complete data points. Doing so further constrains the institutions available for analysis to 60

PhD-granting institutions and 7 Master’s-granting institutions.

5.5 Developing measures

The following section will describe two sets of measures. First, we will construct a yearly retention

rate for physics graduate students. This retention rate is based on the changes in student populations

described in Equation 5.1. The primary yearly retention rate of Equation 5.2 describes the changes,

including both Master’s and PhD Students. Equation 5.4 describes a variation of this rate that

considers the retention of only PhD Students.

The second set of measures for this study will focus on completion rates for degrees awarded

to cohorts of first year graduate students. Equation 5.5 describes the completion rate of graduate

students awarded a PhD, assuming a time scale of six years after first enrolling. Equation 5.6

describes the completion rate of students awarded a Master’s degree, assuming a time scale of two

years, and Equation 5.7 considers a completion rate of students awarded either a PhD or a Master’s

based on the same cohort of first year graduate students.

5.5.1 Graduate student retention rates

The first measure we introduce focuses on the yearly retention of graduate students, comparing

the number of students entering and leaving their graduate program. As we are focused on the

retention of all physics graduate students, compared to the total population, we then define the

Graduate Retention Rate, GRRn, of a particular year n as:
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GRRn = 1− Nn

Tn−1

=
Tn +Mn + Pn − Fn

Tn−1

(5.2)

Utilizing Equation 5.1, we define Nn in terms of the variables from Table 5.1. We propose that

the percentage of students not enrolled based on the total population of the previous year is Nn

Tn−1
. In

this same frame, there must additionally be a percentage of students retained in the program, here

defined as GRRn. Critical to this analysis is the presumption that the percentage of students non-

enrolled ( Nn

Tn−1
) and the percentage of students retained (GRRn) in that same time frame should be

equal to 100%.

PhD graduate student retention

An alternative version of Equation 5.2 considers the retention of only PhD students. We start this

from a similar position as above, as we consider the number of students present in the graduate

program each year. To directly measure the changes in PhD student populations, we propose a

variation in the variable for the students not enrolled as (MN)n. Where the number of students not

enrolled each year now includes the students who may be awarded a Master’s degree. Considering

this new value for students not enrolled, we construct the following equation for the changes in

Total Student Enrollment (Tn), now only considering the number of incoming First Year students

(Fn) with the number of PhDs awarded (Pn).

Tn−1 − Pn − (MN)n + Fn = Tn (5.3)

Following the construction as above, we describe the following equation in similar terms. The

notable difference here is the absence of the Master’s awarded. This measure carries a critical

assumption, that any Master’s degrees awarded are inherently part of the number of students not

enrolled each year. The First Year student population, as reported by AIP, does not determine

a difference between students declared as PhD students and those declared as Master’s students.

Equation 5.4 describes the PhD Student Retention Rate ((PRR)n) retained in their graduate pro-

grams.
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PRRn = 1− (MN)n
Tn−1

=
Tn + Pn − Fn

Tn−1

(5.4)

5.5.2 Graduate degree completion rates

PhD completion rate

Next, we propose a way to measure the rate of students who earn a doctoral degree in physics. The

two variables that we wish to focus on are the PhDs being awarded (Pn) and the First Year student

enrollment (Fn). This allows us to directly compare the degrees awarded with the students who

enter their graduate program. A result of the AIP/AAPT task force report stated that the average

time it takes for graduate students to earn a PhD in physics is 5 to 6 years33. To fully capture the

number of first year graduate students who earn a PhD, we will need to compare the number of

PhDs awarded to the appropriate cohort year of first year student enrollment.

Considering the expected time that graduate students earn a PhD, we propose the following

Equation 5.7. Here, PCRn (PhD Completion Rate) is the number of PhDs awarded (Pn+6) six

years after the cohort of First Year students (Fn) first enrolled. While there may be an average time

scale for students to be awarded a PhD, it is not inclusive of those students earning degrees outside

this time frame. To account for this, we impose a scaling factor (x) as a way to involve more data

for each year’s calculation. The two values of x chosen for the rest of this paper will be x = 0 and

x = 1. In the case when x = 0, then the expression returns a direct comparison between the PhDs

awarded six years (n + 6) after the First Year enrollment of year n. For example, calculating the

PhD Completion Rate of 2012, or PCR
(0)
2012, would compare the PhDs awarded in 2018 with the

First Year cohort of 2012. In the case of x = 1, the expression then averages each variable with

the surrounding years. For example, if calculating the PhD Completion Rate in 2010 or, PCR
(1)
2010,

then the expression would average the PhDs awarded in 2015, 2016, and 2017; then compare it

to the average First Year enrollments of 2009, 2010, and 2011. We propose that the variation of

this measure to average degrees awarded and student enrollment would further emphasize a way

to calculate the completion rate of graduate students without having to track particular cohorts of

students.
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PCR(x)
n =

x∑
i=−x

Pn+6+i

x∑
j=−x

Fn+j

(5.5)

Master’s completion rate

Next, we propose a way to measure the rate of students who earn a Master’s degree in physics. The

two variables that we wish to focus on now are the Master’s being awarded (Mn) and the cohort

of First Year student enrollment (Fn). From another analysis completed by this group, Master’s

degrees are often awarded within the first two years of the student’s first enrollment in graduate

school124. To fully capture the number of first year graduate students who earn an exiting Master’s,

we will need to similarly compare the number of Master’s awarded to the appropriate cohort of first

year student enrollment. This is most useful for Master’s-granting institutions, where the Master’s

degree is the only graduate degree offered. For a PhD-granting institution, we identify no way to

distinguish the First Year enrollment between students seeking a PhD or a Master’s.

Considering the expected time that graduate students earn a Master’s, we propose the follow-

ing Equation 5.6. Here, MCRn (Master’s Completion Rate) is the number of Master’s awarded

(Mn+2) two years after the cohort of First Year students (Fn) enrolled. We impose the same scaling

factor, (x). The two values of x will similarly be x = 0 and x = 1. In the case when x = 0, then the

expression above returns a direct comparison between the Master’s awarded in year n+2 with the

First Year population of year n. In the case of x = 1, the expression then averages each variable

with the surrounding years. For example, if calculating the Master’s Completion Rate in 2006 or,

MCR
(1)
2006, then the expression would average the Master’s awarded in 2007, 2008, and 2009; then

compare it to the average First Year enrollments of 2005, 2006, and 2007. We propose that the

variation of this measure to average degrees awarded and student enrollment would further empha-

size a way to calculate the completion rate of graduate students without having to track particular

cohorts of students.
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MCR(x)
n =

x∑
i=−x

Mn+2+i

x∑
j=−x

Fn+j

(5.6)

Degree completion rate

By investigating the degree completion rates of cohorts of first year graduate student enrollments,

we can additionally combine the previous equations to capture the completion rate of both degree

types. As both Equations 5.5 and 5.6 have different time scales associated with them, by centering

each equation on the first year population, we can construct an equation of both degree completion

types. Equation 5.7 then describes the Degree Completion Rate, or DCR(x)
n , which operates on the

same scaling factor. As first year students seeking a Master’s or a PhD is not specified, by centering

this measure on particular cohorts of first year students, we suppose this measure would capture

the percentage of First Year students who earn a graduate degree in general, without distinguishing

which group of First Year students earn either degree. This measure is best applied to a PhD-

granting institution.

DCR(x)
n = PCR(x)

n +MCR(x)
n =

x∑
i=−x

Pn+6+i +
x∑

j=−x

Mn+2+j

x∑
k=−x

Fn+k

(5.7)

5.6 Applying the measures to the AIP data

The following results will be presented in two parts: considering the yearly retention of graduate

students using Equations 5.2 and 5.4, and then the completion rates of graduate degrees using

Equations 5.5 - 5.7. Data from 284 institutions were used in this study, with 4 variables of data

used from the AIP surveys: Total Graduate Population (Tn), the First Year Enrollment (Fn), the

PhDs Awarded (Pn), and the Master’s Awarded (Mn).
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5.6.1 A yearly graduate retention rate

The first measure was constructed to determine a yearly measure of graduate student retention. We

consider first the measure applied at the National Scale, where the measure considers the totals of

each variable between the years 2000 and 2022. In an effort to understand the measure as a whole,

we will consider all resulting data points together rather than individual points. If we consider the

results of this first measure applied to the National Scale, we find a range of retention rates between

86 and 117%. Figure 5.3 shows the results of this measure applied to the National Scale, totaling

the data from 284 graduate institutions.

Years

G
R
R

80%

90%

100%

110%

120%

2005 2010 2015 2020

Figure 5.3: The Graduate Retention Rate GRRn applied to the National Level that totals the
data from 284 graduate institutions. The value at each point considers the GRRn of each year n
starting in 2001.

This measure can also be applied to determine the yearly graduate retention at Master’s-

Granting Institutions. This measure, applied to the National Level, totals the data from 70 Master’s-

Granting institutions and is shown in Figure 5.4. By inspection, it is difficult to make direct com-

parisons between these Figures 5.3 and 5.4. Overall, the yearly retention of graduate students

appears to fluctuate, and it is difficult to determine any significant trends in each result at this time.

Now applying this measure on the Institutional Scale, we consider two PhD-granting institu-

tions with complete data between 2000 and 2022. The application of this measure is found in
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Figure 5.4: The Graduate Retention Rate GRRn applied to a National total of 70 Master’s-
Granting Institutions in year n. This considers the Graduate Retention as predominantly focused
on the retention of only Master’s Students.

Figure 5.5. The two institutions were chosen at random, yet highlight that the retention rate of

graduate students is different for each institution, as expected. This is observed for each institution

where the measure was applied, with no particular sets of institutions or years that show particular

trends in retention rates.

A notable feature that is present in Figures 5.3, 5.4, and 5.5 is a retention rate over 100%.

Section 5.7 will discuss potential reasons for this phenomenon and the impact it has on this study

as a whole. A yearly retention rate is something we would consider to not be realistic, as it would

be driven by students ‘showing up’ each year that were not being counted before. If the rates are

over 100% for multiple years, as it does in each figure, this suggests at this time that something

is flawed in the construction of this measure, so we will not make claims on the findings of this

measure yet before further analysis.
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Figure 5.5: The Graduate Retention Rate GRRn applied to two PhD-granting institutions’
dataset.

5.6.2 Completion rates of first year physics graduate students

Degree completion rate

The second set of measures concerns the completion rate of first year graduate students. We first

consider this measure as applied to the National Scale, totaling the data from 284 institutions. Each

of the completion rate equations is built by comparing the number of degrees awarded to cohorts of

first year graduate students. The scaling factor was introduced to attempt to capture a more com-

plete representation of when graduate students are awarded their degrees. The Degree Completion

Rate (DCR) is a combined measure including both PhDs and Master’s degrees awarded, with each

degree awarded in the time frame determined by the literature. Figure 5.6 shows the DCR applied

to the National Level data set at both scaling factors, highlighting that the scale factor (x = 1) is

smoother by inspection, as expected from taking averages of the degrees awarded and first year

enrollment data. For the purposes of the rest of this paper, we will be reporting data only using the

scale factor (x = 1). In both cases, we find that the percentage of graduate students being awarded

degrees appears to be increasing.

Considering the DCR(x=1) for the Institutional Level, we consider the two PhD-Granting in-

stitutions with complete data points between 2001 and 2021. The results of the measure applied
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Figure 5.6: The Degree Completion Rate DCRn applied at the scaling factors of (x = 0) and
(x = 1) applied to the National Data of all 284 graduate institutions in each year n starting in
2000.

to these institutions are found in Figure 5.7. We see that each institution has a set of results,

with no immediate connection to be made in trends between the institutions. The results of these

institutions are representative of the application of this measure to all 60 full data PhD-granting in-

stitutions. We note again that the purpose of these measures at the Institutional Level is to consider

trends in the results and not isolated points.

PhD completion rate

For the completion rate of PhD students, we consider the National Level of data from 214 PhD-

granting institutions. This was done to minimize any potential effect the first year enrollment of

Master’s-granting institutions might have on this measure. This measure considers the percentage

of first year graduate students who are awarded a PhD between 4 and 8 years later, as described

by Equation 5.5. Figure 5.8 shows the measure applied to the National Level at a scaling factor

of (x = 1). By inspection, the rate of first year students who are awarded a PhD appears to

be increasing between 2001 and 2015. Looking at the same two PhD-granting institutions with

complete data points, Figure 5.9 shows the results of this measure between 2001 and 2015 as well.

We find results distinct for each institution, suggesting that the measure is able to resolve at both the
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Figure 5.7: The Degree Completion Rates DCRn applied at the scaling factor of (x = 1) to two
PhD-granting institutions will have complete data spaces in each year n starting in 2001.
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Figure 5.8: The Phd Completion Rates PCRn applied at the scaling factor of (x = 1) to the
National Data of 284 graduate institutions in each year n starting in 2001.
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Figure 5.9: The PhD Completion Rates PCRn applied at the scaling factor of (x = 1) to two
PhD-granting institutions will complete data spaces in each year n starting in 2001.

National and Institutional Levels. In both cases, the use of this measure continues to be intended

to find trends in completion rates and not single values, and additionally, does not appear to follow

the trend of the measure at the National Level.

Master’s completion rate

The Master’s Completion Rate is variable in its application. First, we consider the completion rate

of Master’s students at the National Level. As the variable Fn does not distinguish between first

year students enrolled as Master’s or PhD Students, we will only consider the Master’s-granting

institutions for this part. This is done to limit the effect that the first year enrollments of a PhD-

granting institution would have on the results of this measure. The National Level will then be the

total data from 70 Master’s-granting institutions. Figure 5.10 shows the application of this measure

to the National Level data between 2001 and 2019 at a scaling factor of (x = 1). With this measure

applied to an institution where a Master’s degree is the only graduate degree awarded, we note an

overall increase in the percentage of degrees awarded, similar to Figure 5.8.

Considering then the application of this measure to the Institutional Level, we consider two

institutions with complete data points among the 70 Master’s-granting institutions. Figure 5.11
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Figure 5.10: The Master’s Completion Rate MCRn applied at the scaling factor of (x = 1) to the
National Data from 70 Master’s-granting institutions in each year n starting in 2001

shows the application of this measure to these two institutions at a scale factor of (x = 1), and we

find that the application of this measure is different for each institution.

The Master’s Completion Rate can be applied to both PhD-granting and Master’s-granting

institutions. Figure 5.12 shows the application to one of each type of institution with complete data

points at a scaling factor of (x = 1). As seen above, we find different results for each institution,

as expected. Also, the completion rate is notably higher for a Master’s-granting institution for the

majority of Figure 5.12, which we would expect from an institution where this is the only graduate

degree offered. For the PhD-granting institution, the results of the measure are lower, also expected

for an institution with multiple graduate degree options. Notably, the two institutions of this figure

are not always as separated in completion rates. Again, we would like to highlight the value of

determining trends in the data rather than particular points.

5.7 Discussion

The results of this study consider viable measures of retention and graduate completion rates. The

measures constructed above consider retention and completion from the perspective of enrollment
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Figure 5.11: The Master’s Completion Rates MCRn applied at the scaling factor of (x = 1) to
two Master’s-granting institutions will complete data spaces in each year n starting in 2001.
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Figure 5.12: The Master’s Completion Rate MCRn of two graduate institutions, one a PhD-
granting and the other a Master’s-granting. The scale factor of (x = 1) was applied to both sets
between 2001 and 2019.
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data, rather than tracking individual students. In this section, we will situate the results of this study

within the context of these previous studies and the insights these individual measures provide for

physics graduate programs in the 20 years of survey data from AIP.

5.7.1 Considering trends of measures

The established means of determining retention, persistence, and attrition have traditionally re-

sulted in single values. For example, the seminar works of Lovitts established a retention of grad-

uate students of nearly 50%40. Many of these prior studies considered the retention of particular

cohorts of graduate students. With many studies presenting values for retention and attrition with

no model enumerated, the authors presume that the studies listed in Section ?? considered the co-

horts’ particular values as directly measured from the students’ data. By utilizing survey data from

numerous institutions, we developed the measures of this study that could be used to find single

values for retention or completion rates for one institution for a particular year.

What we propose instead is that the results of this study be read as a whole, and not as individual

values. For example, Figure 5.3 shows the national rate of retention between 2001 and 2022. If

we consider one point in this Figure, say GRR2020, the yearly retention rate is 101%. A retention

rate over 100% makes little sense, as a way for this to happen is for students to be counted in one

year where they were not counted the year before. If we consider the two years surrounding this

point, GRR2019 = 95% and GRR2021 = 96%, we see the retention rate increase and then drop

again. This potentially highlights a significant change in the student population in these years. At

this point, it is difficult to determine this level of change in the national numbers of students, where

the total population is over 15,000 students. Significant further analysis is required to determine

the reasons for this variation.

5.7.2 Troubles with a yearly retention rate

There are some immediate concerns with the results of the Yearly Retention Rate. First that there

are numerous points over 100%, particularly in the institutional example of Figure 5.5. The two

major variables that dominate the measure are the Total Student Populations for years n and n −

98



1, particularly in the case of the National data, where the Total Student Population is between

9000 and 16000, and the number of PhDs awarded in that same time frame is between 1000 and

2000. With this in mind, we presume that the primary way for this measure to return values over

100% is when the Total Student Population of year n is higher than it is in year n − 1, without

the corresponding first year enrollment. Considering this phenomenon at the institutional level,

the scale of difference between variables is consistent with the National scale. Considering the

Institutional Retention rates of Figure 5.5, we find values over 100% as we did with the National

Retention Rates. We additionally found each institutional Retention rate to have much more variety

than the National Retention Rate.

Considering the National Retention rate as a whole, it is difficult to determine any significant

trends in this set of results. This is additionally true for the institutional sets of results. Significantly

more quantitative analysis is needed to make sense of the yearly retention rate. As mentioned

before, the results of this study should be considered in the context of multiple years. The retention

rate measures are constructed using two years of Total Student Populations, and if one of these

values is incorrectly reported, then that one incorrect value impacts two rates. This has a particular

impact at the institutional level and is likely part of the reason for the numerous jumps in rates that

are often seen in the results of this measure. More investigations are needed to make sense of the

trends in the rates determined by this measure.

Difficulties with data

Different ways to account for over 100% retention include students transitioning to full-time from

part-time, which would only account for the total. Students transferring in should be counted as

first years as defined in the AIP solicitation. The solicitation specifies the time frame that each

variable needs to be counted for, but it may not be the way each institution interpreted the time

frame. As retention rates over 100% are consistent between the Institutional and National Levels,

we find it unlikely that misinterpreting the solicitation had a significant effect on the data collected.

A particular limitation of this study concerns the survey data from AIP. All of the data for this study

is self-reported by each physics graduate program. 22% of the total possible data for this study is
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unfilled. As mentioned above, a Master’s-granting institution would not report PhDs awarded, but

only 7 Master’s-granting institutions have complete data between 2000 and 2022, and only 67 of

the total 284 institutions have full data in this time frame. Further analysis is needed to understand

how these measures could be used for institutions that have unfilled data points.

5.7.3 Trends in graduate completion rates

As mentioned before with the Graduate Retention Rate, we wish to present the data on the Graduate

Retention Rates as a whole rather than individual rates for particular years. If we consider the

scale factor of (x = 1) for each of the Completion Rate figures above, we additionally identify a

notable change in some. For example, in Figure 5.8, there is a notable increase in the number of

National PhD Completion Rates. In other Figures, it is difficult to determine any significant trends

by inspection, such as in Figure 5.9. In all cases of this analysis, considering what trends can be

determined from the Completion Rates of this dataset will be avenues for future research.

In their current states, the Completion Rates of this study accomplish a few critical elements.

First, as a cursory confirmation of previous literature which includes the consideration of students

earning a PhD at a rate of 50-60%39–45;114. If we consider Figures 5.8 and 5.9, both tend to show

this trend by inspection, particularly in the x = 1 case of the National PhD Completion Rate.

Considering then the comparison of Master’s Completion Rates between Phd-granting and

Master’s-granting institutions. The Master’s Completion Rate for a PhD-granting institution shows

a trend that appears consistent with the models developed in prior literature. If we consider the

Master’s-granting institution of Figure 5.12, we see a trend that is similar in shape and theme

with the PhD Completion Rate of a PhD-Granting Institution. This provides an interesting path

for future analysis. If the Master’s Completion Rate of a Master’s-granting institution (where the

Master’s is the only degree awarded) is not on the same scale of the PhD Completion Rate of a

PhD-granting institution (where the PhD is not the only degree awarded) then what relationship do

these two completion rates have with one another. Furthermore, what can both of these rates say

about the overall completion rate of graduate students in physics?

If we consider the measures in context with one another, we developed two measures of gradu-
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ate degree completion. The PhD and Master’s Completion Rates are both comparisons of degrees

awarded with the first year populations, but utilizing both measures to get a sense of the graduate

completion rates for physics students is difficult. Some immediate difficulties in considering the

two measures together are the alignment of time scales. Both measures consider a time scale in

terms of when graduate degrees are expected to be awarded, but more work will be required to

determine the best way to align these completion rates. This will be especially true for considering

these measures on the national scale.

5.7.4 Resolving measures for institutional data

These measures were designed to measure graduate student retention and completion rates, with

no particular emphasis on population sizes. We made no adjustments to the measures in applying

them to the institutional data. We presume that the national versions of each measure could show

a more complete picture of the retention and completion rates of Physics Graduate Education.

In particular, for the Completion Rates, the scale factor x = 1 includes more opportunities for

graduate students to be awarded degrees, so we consider each use of this scale factor to be a

potentially more complete picture of the rate of degrees awarded. In transitioning the measures to

the institutional level, this means that the use of this scale factor may also provide a clearer picture

of an institution’s completion rate between 2001 and 2017.

Transitioning this work to the institutional level provides several opportunities for further anal-

ysis. First, to determine what the Retention Rate of an institution is showing. The issue of over

100% is consistent across all institutions and seen at the National level. More analysis will be nec-

essary to make sense of the changes in student population that are more varied at the institutional

level than is muted at the National level. A second avenue of further analysis is the relationship

between the institutional PhD and Master’s completion rates.
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Chapter 6

Conclusions and future work

6.1 Group epistemic frames of value-laden discussions

We identified 3 group epistemic frames that faculty engage in during value-laden discussions:

Facilitator, Sharing Science, and Arguing Claims Frames. The process of identifying these group

frames was adapted from well-established methodologies of frames and framing literature. To

apply this framework to a context of faculty value-laden discussions, we consider elements of

argumentation theory and values to further investigate the ways that faculty collectively make

sense of the discussions of the fellowship. The 3 group frames are similar to established frames in

the literature. The Sharing Science and Arguing Claims epistemic frames have higher engagement

levels from the participants. The warrants and values invoked by the participants in these two

frames suggest two ways that the faculty consider the value-laden discussions, and help to inform

avenues for further investigations into how the participants shift into these group frames.

6.2 The structures of physics graduate education

We have identified 10 structures of physics graduate education, based on public data gathered from

181 PhD-granting institutions: Core Courses, Elective Courses, Comprehensive Content Exams,

Research Readiness Exams, the Dissertation, Supervisory Committee, Annual Reports, Training,
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the TA Requirement, and Research Presentations. We have identified the structures that are more

common in physics graduate education as well as those less common. The Core and Elective

Courses and the two Candidacy Exam structures are commonly required by programs, yet there

is substantial variety in the way these programs are operationalized. The Dissertation is the only

universally required structure, and universally vague about providing information about the pro-

grammatic expectations, including the writing, preparation, and defense. It is also a structure that

has not changed significantly in the way it is described since it was implemented in 1861. The

Supervisory Committee spans two major milestones: candidacy exams and the dissertation. The

structure itself focuses on the faculty demographics of the group, and less on its function and

purpose. Among the less common structures in physics graduate education, we did find many

programs that specify requirements for the types and formats of training required for graduate stu-

dents. Requiring graduate students to be teaching assistants is not a common structure, with only

25% of programs requiring students to be a TA at least once. The annual report is an uncommon

structure, and vague about the way the student is expected to report their progress each year to

their committee. It is additionally one of the few structures present between the student’s candi-

dacy and dissertation defense. Research presentation is the least common structure, with very few

institutions requiring students to present their research in places potentially outside their research

group, potentially giving those students valuable experience in discussing their work.

The structures of this study additionally present a narrative of physics graduate education that

considers multiple structures. First, graduate programs strongly emphasize the learning of physics

content knowledge in the first few years of graduate education before students transition into a

researcher role until their defense. Physics graduate education additionally prepares students in

physics content knowledge and assesses them in it (sometimes multiple times), but only assesses

them in research capacity and knowledge, with very few opportunities to prepare them in gaining

it. The present goals of candidacy exams seem to be split, and this divide may be influencing

negative impressions of the candidacy process for both students and faculty.

We propose several recommendations for physics graduate education based on this work:

• Physics graduate programs should articulate how requirements align with their learning goals

to both students and faculty.
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• Departments should ensure that structures are in place to prepare students for significant

milestones.

• Departments should evaluate their doctoral curriculum to identify redundancies where struc-

tures may not be supporting one another.

6.3 Graduate student retention and completion rates

We developed several measures of retention and completion rates for graduate students. The survey

data from AIP provided years of enrollment and degrees awarded data for the graduate programs

in the United States. We first introduced the graduate yearly retention rate GRRn. We addition-

ally propose an alternative to this measure that only considers the retention of PhD students, as

PRRn. The second half of this study created measures for calculating the completion rates of

first-year physics graduate students for both PhDs and Master’s Degrees as a Degree Completion

Rate (DCRn), a PhD Completion Rate (PCRn), and a Master’s Completion Rate (MCRn). The

intention was to build these measures to be applied to the national populations of each year (i.e.,

the national level) and each institution (i.e., the institutional level).

We propose that the value in these results is found in considering the rates across years, not

as individual points. Of particular interest are the moments when the retention rate is over 100%.

These moments are present on both the National and Institutional Levels, and are not particular

to specific years in this dataset. Making sense of overall trends in this data and ensuring that

the measure is correct are avenues of further exploration. Considering the graduate completion

rates measures, we identify trends in each measure at the National Scale, consistent with trends

previously identified. At the institutional level, the measures return values that are on the same

scale as the national level, but not in appearance. This suggests that each completion rate at the

institutional level is dependent on the context and flux in populations for that particular institution,

and also should be considered as a trend and not individual rates.
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6.4 Future Work

6.4.1 Group epistemic frames of value-laden discussions

The study presented in this dissertation highlights an opportunity to investigate the presence of

epistemic frames of faculty discourse in different contexts. In this study, we focused on the in-

person discussions of the fellowship, and the transition into a virtual environment provides a host

of possibilities for further work, including whether the criteria for identifying epistemic frames

change during this transition, to whether the frames identified above would maintain the same

nature in a virtual environment.

The frames determined through this study emerged from the types of engagement from the

participants, and in this way, they are intrinsic to this particular fellowship. It will be particularly

interesting then to see the interaction of these frames within an entirely different context, say the

problem-solving environment studied in previous frames literature. In those contexts, there is a

clear task for the students to engage in, and the epistemic frames identified are closely tied to the

general task being performed. One might argue that the fellowship discussions are similarly task-

oriented and follow the same established structure from the previous work of epistemic frames in

PER. At this time, we would require more information about group discussion dynamics to fully

answer this question.

Another avenue this study has is further investigating the intersection of epistemic frames and

more ethically minded discussions. Especially in how certain prompts from a moderator influence

the epistemic frame that participants engage in, and what helps to transition someone between

different e-frames. Ultimately, this path can help understand first the frames that highlight these

ethically minded discussions in consistent ways that transition discussions toward these types of

frames that promote higher levels of engagement. From the segments observed during the Epis-

temic Frame B, we see the participants engaging with the discourse through more personal anec-

dotes, and now the work shifts to seeing what impact that frame has on the participants’ ethical

decision-making. Ultimately, by understanding how faculty scientists respond to varying value-

laden discussions, we can potentially start to see how to prompt those scientists to be in particular
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epistemic frames.

6.4.2 The structures of physics graduate education

This work serves as a beginning step in identifying the structures of a graduate degree in physics.

Similar work must also be done for the numerous ways that students can earn a physics Master’s

degree. The architecture, in particular, of this study should prove optimal to continue this work

towards including more degree types, such as Master’s, but also dual degree types, such as those

receiving a PhD in Physics and Engineering, Computer Science, etc.

Within the study itself, there are a number of different studies to be done concerning this data.

In particular, identifying patterns in categories of groups of institutions, including any consistent

types of requirements, and whether there are any additional metrics to compare these institutions

with. These comparative measures include higher student retention or particular areas of physics

sub-fields discussed at those institutions. Doing so may also help with understanding how program

requirements are formed or changed. Another avenue could be conducting a path analysis of

program structures and how the structures identified may inform each other.

In the framework of a structure-deficit model, the structures identified in this study each impact

the way that students progress through physics graduate programs. Further analysis is needed to

understand more fully the impact that the variety of approaches in each structure has on students

progressing in programs. Doing so can start to address questions of conformity of practices and

what approaches best support graduate students. Looking additionally at furthering specific as-

pects within the graduate program itself, this study helps to highlight numerous paths of further

investigation. With the existing extensive literature of candidacy exams, further analysis into the

variations of why departments choose particular combinations of exam types or expectations of

those combinations is one avenue. Additionally, the writing and preparation of the dissertation

from the perspective of faculty and students could provide some valuable insight as to why this

requirement is so limited in this study.
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6.5 Graduate student retention and completion rates

There are multiple opportunities for advancing this work. To connect this work with the study

of identified program structure in Chapter 4, the natural path forward is to adjust the measures

developed here to be applied to the 284 institutions individually. The first measure requires some

significant work to better capture how the retention of graduate students is changing each year be-

fore it can start to be applied on the institutional level. The completion rate measures are in a better

position; however, care must be taken to ensure that the measures can be scaled to the varying insti-

tution sizes. Ensuring that the data that was used for this study is better understood for the varying

time scales, and that the measures can comfortably cover years of unreported data is critical for

furthering this work. Connecting the changing graduate student population and retention measures

with each institution’s graduate requirements, we can begin to contribute to programs investigating

potential institutional practices that contribute to retention and completion rates. This study also

provides a similar foundation to Lovitt’s work, where a combination of this data set with qualitative

analysis can further the understanding of current physics graduate student experiences.

An additional element this group is interested in is broadening the scale of the measures de-

scribed in this work. The AIP survey is specific to physics degrees awarded and student enrollment.

Other organizations collect these types of data from broader disciplines or categorizations of in-

stitutions. Further analysis will be needed to see if the measures described in this study could be

applied to a broader scale. Another element of further analysis is to connect this effort to standard-

ize the measures of retention and completion rates to path analysis as described above. Doing so

can help to highlight areas of further analyses, such as admissions, to determine more consistent

ways to track the progress of graduate students.
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